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Background: APLF interacts with Ku and facilitates nonhomologous end joining (NHEJ).
Results: APLF possesses a Ku-binding motif, and disruption of the APLF-Ku interaction impairs both NHEJ and the nuclear
retention of APLF.
Conclusion: The APLF-Ku interaction is functionally important in DNA repair and may be important for APLF stability.
Significance: The APLF Ku-binding motif appears to represent a general Ku-binding motif.

Aprataxin polynucleotide kinase/phosphatase-like factor
(APLF) facilitates nonhomologous end joining (NHEJ) and asso-
ciates with the core NHEJ components XRCC4-DNA ligase IV
and Ku. The APLF forkhead-associated (FHA) domain directs
interactions with XRCC4, but the APLF-Ku interaction has not
beenwell characterized.Herewedescribe an evolutionarily con-
served amino acid motif within APLF that is required for medi-
ating the physical interaction betweenAPLF andKu. This APLF
Ku-binding motif possesses a similarity to regions identified in
other NHEJ factors, WRN and XLF, which also direct interac-
tions with Ku. Indeed, peptides derived from the Ku-binding
region ofAPLF,WRN, orXLFwere sufficient to reconstitute the
interaction with Ku in vitro. Although APLF is localized pre-
dominantly to the nucleus, it does not possess a nuclear local-
ization signal (NLS). Interestingly, the disruption of the
APLF-Ku interaction by substituting key residues in the APLF
Ku-binding motif was associated with increased relocalization
of APLF to the cytoplasm and reduced association with XRCC4,
which was rescued by the introduction of an NLS onto APLF.
When human cells stably depleted of APLF were reconstituted
with APLF Ku-binding mutants, or with an APLF FHA mutant
that is known todisrupt interactionswithXRCC4,APLF-depen-
dent NHEJ and the retention of APLF at sites of laser-generated
DNA damage were impaired. These data suggest functional
requirements for Ku andXRCC4 inAPLF-dependent NHEJ and
a unique role for Ku as a factor required to facilitate the nuclear
retention of APLF.

TheDNAdouble strand break (DSB)3 is widely believed to be
the most deleterious and cytotoxic form of DNA damage (1, 2).
Failure to resolve DSBs can give rise to the loss, amplification,
rearrangement, or translocation of chromosomalmaterial, thus
leading to increased genomic instability and, consequently, an
enhanced rate of carcinogenesis (3). In mammalian cells, NHEJ
is the predominant repair mechanism for DSBs induced by
exogenous factors such as IR and functions in all phases of the
cell cycle (4).
The initial step in NHEJ involves the binding of Ku to the

DSB ends. Ku, an abundant nuclear protein, is a very stable
heterodimeric complex consisting of Ku70 (70 kDa) and Ku80
(80 kDa) (5, 6). The Ku70 and Ku80 subunits share sequence
similarity in their N-terminal regions (the von Willebrand A
and core domains), which are involved in heterodimerization
(7). The C-terminal regions of Ku are divergent and, in the case
of Ku80, direct the interactions with the DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs) (6, 8).
The binding of Ku to DNA ends is thought to protect the

ends from nucleolytic degradation, to align and maintain the
ends in close proximity, and to recruit DNA-PKcs to the DSB,
which results in the activation of its kinase function (7). During
synapsis, the broken DNA ends remain accessible to DNA end
processors, such as polynucleotide kinase/phosphatase (PNKP)
and aprataxin (APTX), which act to modify non-complemen-
tary or damaged termini to make them amenable to religation.
In addition, other factors may be required during NHEJ to
repair specific subsets of DSBs including theWerner syndrome
protein (WRN), which possesses helicase and 3� to 5� exonu-
clease activities (9, 10). WRN also interacts physically with Ku,
which strongly stimulates WRN exonuclease activity on DNA
ends (11). DNA end processing is followed byDNAend joining,
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catalyzed by the XRCC4-DNA ligase IV complex. The nuclear
phosphoprotein XRCC4 has weak intrinsic DNA binding capa-
bility, which is thought to be enhanced by interactions with Ku.
Indeed, Ku has been shown to stimulate XRCC4-ligase IV end
joining in vitro (12–14). Another core NHEJ protein, XRCC4-
like factor (XLF, also known as Cernunnos), also co-associates
with and stimulates the XRCC4-ligase IV complex to promote
NHEJ (15, 16). Ku is required for the recruitment of XLF to
DSBs, and XRCC4 promotes XLF accumulation at DSBs (17).
APTX/PNKP-like factor (APLF; also known as PALF and

Xip1) is another DNA repair factor that participates in NHEJ
and binds to Ku (18–20). APLF possesses an N-terminal FHA
domain that mediates interactions with threonine-phosphory-
lated XRCC4 and XRCC1, a nuclear scaffold protein that par-
ticipates in DNA single strand break (SSB) repair, which is
analogous to XRCC4 (18–21). The APLF FHA domain is func-
tionally similar to the FHA domains of PNKP and APTX, from
which it derives its name (22–24). In addition to its FHA
domain,APLFpossesses twounique poly(ADP-ribose)-binding
zinc finger (PBZ) domains in its C-terminal region, which
direct interactions with poly(ADP-ribose) and are involved in
the recruitment of APLF to sites of DNA damage (18, 19,
25–27). APLF accumulates at sites of SSBs or DSBs induced by
DNA-damaging agents and is required for cellular resistance to
a variety of DNA-damaging agents. We have also shown that
APLF facilitates NHEJ and that APLF interacts with Ku, or with
DNA-bound Ku, independently of the APLF FHA or PBZ
domains (18, 19). APLF appears to lack intrinsic DNA binding
ability, at least to linearized double-stranded DNA (18). There-
fore, it is conceivable that Ku may facilitate the recruitment or
retention APLF at DSBs in vivo.
APLF participates in DNA damage signaling and repair and

has been shown to localize predominantly to the nucleus (18),
but APLF has no identifiable nuclear localization signal (NLS).
Passive nucleocytoplasmic translocation permits proteins
smaller than �60 kDa to diffuse through nuclear pore com-
plexes in an energy-independent manner (28). In contrast,
larger proteins cannot diffuse freely through nuclear pore com-
plexes and are actively and selectively transported across the
nuclear envelope (28, 29). Therefore, it is possible that APLF
passively diffuses into the nucleus, as it is a small protein of
57 kDa.
To further delineate the role of APLF in NHEJ, and to better

understand the functional importance of the APLF-Ku interac-
tion in this process, we have identified and characterized the
APLF Ku-binding motif. We show that the interaction with Ku
appears to support the nuclear retention of APLF, and this
interaction is required for the association with XRCC4-ligase
IV. Collectively the data suggest that the interactions among
APLF, Ku, and XRCC4 are important for APLF-dependent
NHEJ and the accumulation of APLF at sites of DNA damage.

EXPERIMENTAL PROCEDURES

Cloning and Plasmid Constructions—To generate pcDNA3.1-
V5/His-APLF�180–200 (V5-APLF�180–200), QuikChange site-
directed mutagenesis (Stratagene) was used to remove amino
acid residues 180–200 from pcDNA3.1-V5/His-APLF (18).
QuikChange site-directed mutagenesis was also used to create

the R182A, R184A, R182A/R184A, W189A, M190A, L191A,
and W189A/M190A/L191A substitutions within pcDNA3.1-
V5/His-APLF. To generate pcDNA3.1-V5/His-NLS-APLF,
pcDNA3.1-V5/His-NLS-APLF�180–200 and pcDNA3.1-V5/
His-APLFW189A, the SV40 large T-antigen nuclear localization
signal (MAPKKKRKV) was inserted before the APLF sequence
by QuikChange site-directed mutagenesis of the appropriate
pcDNA3.1-V5/His-APLF construct. pcDNA3.1-V5/His-APLF
was digested with BamHI and XhoI and ligated in-frame into
pcDNA 3.1-Zeo-HA2.B (Invitrogen) to generate pcDNA 3.1-
Zeo-HA2.B-APLF. To then generate pcDNA 3.1-Zeo-HA2.B-
APLF1–160, pcDNA 3.1-Zeo-HA2.B-APLF1–180, and pcDNA
3.1-Zeo-HA2.B-APLF1–200 (HA-APLF1–160, HA-APLF1–180,
andHA-APLF1–200), a stop codonwas inserted byQuikChange
site-directed mutagenesis after amino acid residues 160, 180,
and 200, respectively, within pcDNA 3.1-Zeo-HA2.B-APLF.
The pSUPER.retro.neo�GFP plasmid was used to express the
APLF RNAi sequence GAAGAAATCTGCAAAGATA. A
pSUPER RNAi-resistant APLF rescue construct harboring six
different nucleotides in the RNAi target sequence GAG-
GAGATTTGTAAGGAC (changed nucleotides are under-
lined) was generated by QuikChange site-directed mutagene-
sis. QuikChange site-directed mutagenesis was then used to
create the following pSUPER RNAi-resistant APLF mutants
using RNAi-resistant WT APLF as a template: R27A, W189A,
NLS-W189A, R27A/W189A, R182A, R184A, M190A, L191A,
NLS-APLF1–200, and APLFZF1�2m (27).

The sequences encoding for the human Ku80 open reading
frame were PCR-amplified from the human cDNA IMAGE
clone ID 4555162 (Open Biosystems) and TOPO-cloned in-
frame into the EcoRI site of p3XFLAG-CMV-14 (Sigma) to
generate p3XFLAG-CMV-14-Ku80 (3xFlag-Ku80). The
human Ku80 open reading frame was excised from p3XFLAG-
CMV-14-Ku80 using EcoRI, cloned into the EcoRI site of
pGEX4T3 (Amersham Biosciences), and pulled in-frame by
site-directed mutagenesis to generate pGEX4T3-Ku80 (GST-
Ku80). pGEX4T3-Ku80 was digested with XhoI and BamHI
and ligated in-frame into pEGFP-C1 (Clontech) to generate
pEGFP-C1-Ku80 (eGFP-Ku80). To then generate pEGFP-C1-
Ku801–569, a stop codon was inserted by mutagenesis after
amino acid residue 569 within pEGFP-C1-Ku80. To generate
pBABE-puro-eCFP, pECFP-C1 (Clontech) was digested with
ApaLI and AflII, blunt-ended, and ligated in-frame into the
EcoRI site of pBABE-puro (Clontech).
Human APTX was PCR-amplified from cDNA IMAGE

clone ID 6042653 (purchased from Open Biosystems) and
TOPO-cloned into the pcDNA3.1-V5/His vector to generate
pcDNA3.1-V5/His-APTX (APTX-V5). The human PNKP
pcDNA3.1-V5/His-PNK (PNKP-V5) plasmid was constructed
as described previously (23). All of the plasmid constructs were
verified by sequence analysis.
Cell Culture and Transfections—HEK293T and U2OS cell

lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
antibiotics. CHO-K1, XRS-5, XRC-1, EMC-11, and XR-1 cell
lines were cultured in Alpha �-modified Eagle’s medium sup-
plementedwith 10% FBS and antibiotics. To stably knock down
endogenous APLF, U2OS cells were transfected with 2 �g of
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either empty pSUPER vector (U2OSNT) or pSUPER vector
encoding the APLF RNAi sequence (U2OSKD) and then
selected with 800 �g/ml G418 (Invitrogen). Clonal U2OS cell
lines were isolated and then maintained in DMEM supple-
mented with 10% FBS and 200 �g/ml G418. All cell lines were
grown at 37 °C with a humidified atmosphere containing 5%
CO2. Transient transfections were performed with the Effect-
ene transfection kit (Qiagen) according to the manufacturer’s
instructions.
Antibodies—Commercial antibodies used in this study were

from Serotec (XRCC4 and DNA ligase IV), Cedarlane (Ku80),
Cell Signaling (Ku70), Invitrogen (V5), Upstate (HA), Santa
Cruz Biotechnology (GFP), Sigma (anti-FLAGM2) and Abcam
(tubulin). Secondary antibodies for immunoblotting were
from Jackson ImmunoResearch (goat anti-mouse and goat
anti-rabbit), and secondary antibodies for immunofluores-
cence microscopy (goat anti-mouse Alexa 488 and goat anti-
rabbit Alexa 488 secondary antibody) were from Invitrogen.
Protein Expression and Purification—GST-APLF recombi-

nant protein was produced in Escherichia coli BL21(DE3)/
pLysS (Novagen). Transformed bacteria were grown to an A600
of 0.6, and expression was induced by the addition of 1 mM

IPTG (Sigma) for 3 h at 37 °C. The bacteria were then pelleted
by centrifugation, washed with PBS, and recentrifuged. For
purification, the cell pellet was resuspended in extraction buffer
(50 mM Tris-Hcl, pH 7.5, 150 mM NaCl, 1 mM DTT, 1% Triton
X-100, 1� Complete protease inhibitor mixture (Roche
Applied Science), and disrupted by sonication. They lysates
were clarified by centrifugation at 16,000� g at 4 °C for 20min.
The supernatant was collected and incubatedwith glutathione-
Sepharose 4B beads (Amersham Biosciences) for 2 h at 4 °C
with gentle mixing. The beads were then washed and the pro-
tein eluted with extraction buffer containing 20 mM glutathi-
one. The glutathione was then removed, and the purified pro-
tein was exchanged into a suitable buffer through three
sequential rounds of dialysis using Slide-A-Lyzer dialysis cas-
settes (Pierce). Unless otherwise specified, all chemicals were
purchased from Sigma Aldrich.
Preparation of Cell Extracts, Immunoprecipitation, and

Immunoblotting—Whole cell extract (WCE) preparation,
immunoprecipitations, and immunoblotting were performed
as described previously (23). When indicated, lysates were pre-
pared in the presence of 50 �g/ml ethidium bromide (Invitro-
gen). For pulldown assays using GST fusion proteins, clarified
WCEs were incubated with 1 �g of the indicated GST fusion
protein immobilized on glutathione-Sepharose 4B beads. The
complexes were washed three times with lysis buffer and resus-
pended in sample buffer. For peptide pulldown assays, Dyna-
beads M-270 streptavidin (Invitrogen) was incubated with 50
ng of biotinylated peptide as indicated for 30 min at room tem-
perature. The immobilized peptide beads (synthesized by Keck
Biotechnology Resource Laboratory) were washed three times
with PBS on a magnet and then mixed with 200 ng of purified
recombinant Ku heterodimer (Trevigen) and incubated at 4 °C
for 1 h. The beads were washed three times with PBS and resus-
pended with sample buffer. All peptides were synthesized with
a linker consisting of two glycine residues between the biotin
group and N terminus of the given peptide sequence and two

C-terminal lysine residues to enhance solubility. Peptide
sequences of the indicated proteins are underlined: APLFWT,
GGRKRILPTWMLKK; APLFR184A, GGRKAILPTWMLKK;
XLF, GGKRKKPRGLFSKK; andWRN,GGRKRRLPVWFAKK.
Random Plasmid Integration Assay—The random plasmid

integration assay was performed essentially as described (15,
18) with some modifications. U2OS cells stably depleted in
APLF were transfected with pSUPER RNAi-resistant APLF
(wild type or mutants as indicated) or empty vector and incu-
bated for 48 h at 37 °C. Subsequently, cells were transfected
with linearized pBABE-puro-eCFP plasmidDNA. Twenty-four
hours later, cells were replated at low density in selective media
containing 2 �g/ml puromycin and incubated for 10 days at
37 °C. Colonies were then stainedwith Coomassie Blue dye and
counted. A fraction of the transfected cells was monitored for
nuclear eCFP expression to normalize the data for transfection
efficiency. The relative plasmid integration of the APLF-de-
pleted cell line reconstituted with RNAi-resistant APLFWT was
set at 100% integration.
Immunofluorescence Microscopy—All procedures were per-

formed at room temperature, solutions were prepared in PBS,
and washes were performed between each step. For fixation,
cells were incubated with 4% paraformaldehyde for 10min. For
immunostaining, cells were permeabilized by incubation with
0.5% Triton X-100 (Sigma) and 3% BSA (Sigma) for 10 min,
blockedwith 1.5%normal goat serum (Sigma) for 1 h, incubated
with the indicated antibody for 2 h, and then incubated with
secondary antibody for 1 h. Coverslips were then mounted on
slides with Vectashield containing DAPI nucleic stain (Vector
Laboratories). Slides were examined using a Zeiss Axio-
Observer microscope with a Plan-Neofluar �40 objective.
Image capturedwas achieved using aRoper ScientificCoolSnap
HQ CCD camera. For subcellular localization analyses, 100
cells for each condition were analyzed in three independent
experiments. Images were obtained using ImageJ and were
adjusted for brightness and contrast only.

RESULTS

An Evolutionarily Conserved Region within APLF Is Required
for Interaction with Ku—Our previous studies suggest that
APLF amino acid residues 100–263, which are located between
the FHA and PBZ domains, are sufficient for the association
with Ku (18). In addition, it has been reported that APLF inter-
acts directly with Ku80, suggesting that the Ku70/80 het-
erodimer interacts with APLF via Ku80 (19, 20). Within this
region spanning APLF amino acid residues 100–263, residues
182–191 are highly conserved among APLF vertebrate homo-
logues (Fig. 1A). We hypothesized that these conserved resi-
dues might be important for Ku binding and sought to further
delineate the APLF-Ku binding region. To do so, we generated
HA-tagged APLF C-terminal truncation peptides that were
expressed in human HEK293T cells and examined them for
their association with Ku in co-immunoprecipitation studies.
We found that the APLF peptide containing the first 200 amino
acid residues interacted well with Ku (monitored by anti-Ku80
immunoblotting), but no interaction was detected between
Ku80 and the APLF peptides containing residues 1–160 or
1–180 (Fig. 1B). Similarly, an internal deletion of APLF residues
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181–200 (APLF�181–200-V5) reduced the interactionwithKu80
(Fig. 1C).
We then examined the effect of smallermutations, substitut-

ing individual APLF residues within the Ku-binding region
(alone and in combination) using site-directed mutagenesis.
Several highly conserved APLF residues (Fig. 1A) were substi-
tuted to alanine (R182A, R184A,W189A,M190A, L191A), and
thesemutantAPLF proteinswere comparedwithWTAPLF for
their ability to co-immunoprecipitate with Ku80. As shown in
Fig. 1C, the APLF double substitution of R182A/R184A as well
as the triple substitution of W189A/M190A/L191A to alanine
abolished the interaction of APLF with Ku80. There was also a
reduction in the association of Ku80 with singly substituted
residues in this region of APLF, R182A and M190A, whereas
the substitution of Leu-191 to alanine (L191A) had very lit-
tle effect on the interaction (Fig. 1C). When we examined the
APLF single substitutions of Arg-184 or Trp-189 to alanine
(R184A and W189A respectively), there was no detectable
interaction with Ku80 observed, suggesting that these residues
are critical for the interaction of APLFwithKu. Consistent with
this notion, a peptide corresponding to this Ku-binding region
of APLF was sufficient to reconstitute the interaction in vitro
with purified Ku70/80 heterodimer, whereas the correspond-
ing mutant peptide harboring a single substitution of Arg-184
to alanine severely impaired the interaction (Fig. 1D). In addi-
tion, peptide sequences spanning the Ku-binding regions of

WRN and XLF, which have amino acid similarity to the Ku-
binding motif of APLF, also bound Ku in vitro (Fig. 1D).
Impact of the Ku-binding Region of APLF on XRCC4-Ligase

IV Interactions—Wehave shown previously that the disruption
of the APLF FHA domain (APLF-R27A) does not affect the
association with Ku in human cells (18), but it is not known
whether the disruption of APLF-Ku binding might affect inter-
actions with XRCC4-ligase IV. When we initially examined
interactions between the Ku-binding mutants APLF�181–200-
V5, HA-APLF1–180 and HA-APLF1–160 with XRCC4 and ligase
IV, we found that XRCC4-ligase IV interactions were undetect-
able on immunoblotting (Fig. 1, B and E). However, further
examination of these transfected U2OS cells clearly demon-
strated that the subcellular distribution of the APLF Ku-bind-
ing mutant proteins was altered (Fig. 2, A and B). Specifically,
these mutant APLF peptides appeared to have a pancellular
distribution compared with the predominantly nuclear local-
ization of WT-APLF or the truncated mutant protein
HA-APLF1–200 (Fig. 2A), which both retain the ability to bind to
Ku and XRCC4-ligase IV (Fig. 1B). Interestingly, when an NLS
was introduced to APLF�181–200-V5 (NLS-APLF�181–200-V5),
both the nuclear localization and the association with XRCC4-
ligase IV were restored, although APLF-Ku80 binding re-
mained undetectable (Fig. 1E). Similarly, the APLF double sub-
stitution R182A/R184A (DM) and triple substitution W189A/
M190A/L191A (TM) Ku-binding mutants also displayed

FIGURE 1. Identification of a Ku-binding motif in APLF. A, alignment (MultAlin) of human APLF and selected homologues. Invariant residues are identified
by red text, and residues with greater than 50% consensus are identified by blue text. B, WCEs from HEK293T cells ectopically transfected with empty vector,
HA-APLFWT, HA-APLF1–200, HA-APLF1–180, or HA-APLF1–160 were immunoprecipitated (HA-IP) with anti-HA antibody and immunoblotted with antibodies as
indicated. Tubulin was used as a loading control. C, WCEs from HEK293T cells ectopically transfected with empty vector, WT APLF-V5, APLF�180 –200-V5, or
V5-tagged APLF mutants harboring single (R182A, R184A, W189A, M190A, L191A) or combinations of amino acid substitutions (R182A/R184A, W189A/M190A/
L191A) were immunoprecipitated with anti-V5 antibody and immunoblotted with antibodies as indicated. D, 50 ng of biotinylated WT- or R184A-APLF, XLF,
and WRN peptides was immobilized to streptavidin-Dynabeads, examined for its association with 200 ng of purified Ku70/80 in pulldown assays, and
immunoblotted with anti-Ku80 antibody. E, WCEs from HEK293T cells ectopically transfected with empty vector, WT APLF-V5, APLF�181–200-V5, or NLS-
APLF�180 –200-V5 were immunoprecipitated with anti-V5 antibody, and the resulting protein complexes were immunoblotted with Ku80, XRCC4, DNA ligase IV,
V5, or tubulin antibodies as indicated.
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impaired association with XRCC4 in co-immunoprecipitation
studies (supplemental Fig. S1A). As reported previously (18),
the observed interactions were not found to be affected by the
presence of the DNA intercalating agent ethidium bromide,
suggesting that the APLF-Ku and APLF-XRCC4 interactions
are not bridged by DNA.
Disruption of the APLF-Ku Interaction Is Associated with

Altered APLF Subcellular Localization in Mammalian Cells—
To further examine the functional consequence of disrupt-
ing the APLF-Ku interaction on subcellular localization, we
expressed one of the APLFmutants (W189A), whichwas found
to have severely impaired association with Ku, in U2OS cells
stably depleted of endogenous APLF. Consistent with the other
defective Ku-binding APLF mutant cellular phenotypes,
APLFW189A also exhibited altered nuclear retention (Fig. 2C) as
well as impaired association with XRCC4, which was restored
by the addition of an NLS (NLS-W189A) (supplemental Fig.
S1B). We then examined and quantified the subcellular distri-
butions of WT APLF, or the APLF mutant proteins, R182A,
R184A, M190A, and L191A, and found that the altered subcel-

lular distribution of APLF appeared to correlate with defective
Ku binding (Fig. 2D).
To ensure that these mutants were not simply disrupting the

overall structure of the APLF protein and thereby affecting its
subcellular localization, we next expressed WT APLF-V5 in
CHO XRS-5 cells depleted of cellular Ku80 and therefore also
deficient in Ku70 (Fig. 3). As a control, we also established that
human WT APLF-V5 co-immunoprecipitated with hamster
Ku80 and in reciprocal anti-Ku80 co-immunoprecipitations
(Fig. 3A). Again,we noted that the predominantly nuclear local-
ization of WT APLF-V5 was lost in the XRS-5 cells but not
when it was expressed in the Ku-expressing CHO-K1 cells (Fig.
3B). The nuclear subcellular localization of APLF inXRS-5 cells
was also restored when an NLS was engineered onto WT
APLF-V5 (Fig. 3B). In contrast, U2OS cells stably depleted of
APLF by shRNA (supplemental Fig. S1C) did not demonstrate
altered Ku80 subcellular localization (supplemental Fig. S1D).
Wewere not able to sufficiently deplete Ku80 fromhuman cells
to observe the phenotype under endogenous conditions with
human APLF, as Ku is a very abundant nuclear protein. Lastly,

FIGURE 2. Disruption of the APLF Ku-binding motif correlates with altered APLF subcellular localization. U2OS cells ectopically expressing HA-tagged
APLFWT, APLF1–200, APLF1–180, or APLF1–160 (A) or V5-tagged APLFWT, APLF�160 –180, or APLF�180 –200 (B) were fixed and immunostained with anti-HA or anti-V5
antibodies as indicated. DAPI nuclear staining was merged with anti-APLF staining (right panels). C, U2OS cells stably depleted of APLF (U2OSKD) ectopically
expressing RNAi-resistant V5-tagged APLFWT or APLFW189A were fixed and immunostained with anti-V5 antibody and DAPI nuclear stain, and the images were
merged (right panel). D, U2OS cells ectopically expressing V5-tagged WT APLF or APLF mutants harboring alanine substitutions (R182A, R184A, W189A, M190A,
L191A) were fixed and immunostained with anti-V5 antibody, and the subcellular distribution (N, predominantly nuclear; N�C, pancellular; C, predominantly
cytoplasmic) was quantified by immunofluorescence microscopy. Data represent the mean of 100 counted cells from three independent experiments, and
error bars represent S.E.
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the co-expression of human Ku80 (Ku80Flag) with WT
APLF-V5 in XRS-5 cells was associated with a dramatic
increase in the nuclear retention of WT-APLF compared with
XRS-5 cells expressing only WT-APLF and was similar to the
cellular phenotype observed when WT APLF was examined in
the CHO-K1 cells (Fig. 3C).
As another control, we next examined PNKP and APTX,

both of which interact with XRCC4-ligase IV, but not with Ku,
and which both possess classical NLS. When expressed in
either wild-type CHO-K1 or XRS-5 cells, both PNKP-V5 and
APTX-V5 were entirely nuclear (supplemental Fig. S2). Fur-
thermore, human APLF-V5 expressed in XRCC4-deficient
XR-1 orDNA-PKcs-deficientXRC-1CHOcell lines exhibited a
subcellular distribution similar to that observed when
APLF-V5 was expressed in CHO-K1 cells (supplemental Fig.
S3A). Therefore, the subcellular localization of APLF does not
appear to depend on XRCC4 or DNA-PKcs.
A previous report has suggested that XRCC1 is important for

the subcellular localization of APLF (20). When we examined
the subcellular localization of APLF in the XRCC1-deficient
CHOcell line EMC-11, we did observe a decrease in the nuclear
retention of APLF-V5 compared with that observed in the
CHO-K1 cells (Fig. 3D), but this was not as great as the defect
observed in the XRS-5 cells. To further investigate this result,

we examined the various CHO cells lines for the expression of
XRCC1 and Ku80. As expected, the XRS-5 cell line expressed
XRCC1 but no detectable Ku80. In the XRCC1-deficient cell
line, EMC-11, XRCC1 was not detected as expected, but to our
surprise Ku80 levels were diminished compared with those in
CHO-K1 cells (Fig. 3D). Therefore, XRCC1 expression does not
appear to correlate with APLF subcellular localization, but the
diminished Ku80 levels in the XRCC1-deficient cell line may
explain why APLF subcellular localization was altered. This
idea is consistent with our observation that the expression of
the APLF FHA mutant, R27A, which disrupts phosphothreo-
nine-dependent interactions with XRCC1 and XRCC4, did not
exhibit defective subcellular location in U2OS cells (supple-
mental Fig. S3B). Lastly, the subcellular localization of WT
APLF or the deletion mutant APLF�180–200-V5 in U2OS
cells was unaffected following exposure to �-IR (supplemental
Fig. S4).
The C-terminal Region of Ku80 Is Not Required for Interac-

tions with APLF—Although Ku80 is highly homologous to
Ku70, the C-terminal region of Ku80 is divergent and has been
shown to be required for cellular radioresistance (30). This
region of Ku80 is also required for DNA-PKcs autophosphory-
lation and activation ofArtemis end processing (30). Therefore,
we questioned whether this C-terminal portion of Ku80 might

FIGURE 3. Ku expression rescues APLF nuclear localization in Ku-deficient mammalian cells. A, WCEs from CHO-K1 cells ectopically transfected with empty
vector or APLF-V5 were immunoprecipitated with either anti-V5 or anti-Ku80 antibodies and immunoblotted with anti-Ku80 or anti-V5 antibodies as indicated.
B, CHO-K1 and XRS-5 (Ku80-deficient) cells were transfected with V5-tagged APLFWT or NLS-APLFWT (XRS-5 cells), fixed, and immunostained with anti-V5 and
DAPI, and images were merged (right panels). C, CHO-K1, XRS-5 and XRS-5 cells complemented with wild-type Ku80 (�Ku80Flag) ectopically expressing APLF-V5
were fixed and immunostained with anti-V5 antibody, and the subcellular localization of APLF-V5 was quantified by immunofluorescence microscopy (as
indicated in the legend for Fig. 2D). Ku80 expression in XRS-5 cells was confirmed by anti-Ku80 immunoblotting (inset, lower panel). D, CHO-K1, XRS-5, and
EMC-11 (XRCC1-deficient) CHO cells ectopically expressing APLF-V5 were fixed, immunostained with anti-V5 antibody, and quantified by immunofluorescence
microscopy (as indicated in the legend for Fig. 2D). Inset, WCEs were immunoblotted with antibodies as indicated along with WCEs from human U2OS cells as
a control.
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be important for directing interactions with APLF. To this end,
XRS-5 cells were reconstituted with WT-Ku80 or Ku801–569
missing these C-terminal sequences of Ku80. The cell extracts
were then examined in pulldown assays with immobilized
GST-APLF and immunoblotted for Ku80 (and Ku70 as a con-
trol).We found that the expression of EGFP-tagged Ku80WT or
Ku801–569 restored Ku70 levels in the XRS-5 cells as expected
(supplemental Fig. S5A). Furthermore, under these conditions
GST-APLF interacted equally well with both Ku80WT and the
truncated mutant protein, Ku801–569, suggesting that the
C-terminal residues of Ku80 are not required for interaction
with APLF. Lastly, both Ku80WT and Ku801–569 effectively
restored the predominantly nuclear localization of WT-APLF
expressed in XRS-5 cells (supplemental Fig. S5B).
The Interaction of APLF with Ku and XRCC4 Facilitates the

Assembly of APLF at Sites of DNA Damage and NHEJ—We
have previously shown that the APLF PBZ domains are
involved in the initial recruitment of APLF to sites of laser-
induced DNA damage (27). Whether Kumight also participate
in the recruitment and assembly of APLF to sites of DSBs was
not clear from the outset of these studies. APLF itself appears to
enhance the retention of XRCC4 at sites of laser-generated
DNAdamage (31), suggesting that the assembly ofAPLF at sites
of DNA damage is important for DSB repair. Therefore, it is
possible that interactions with Ku and/or XRCC4 might stabi-
lize APLF at sites of DNA damage. To investigate this further,
we examined APLF retention at sites of laser-induced DNA
damage over a 20-min time period. U2OS cells stably depleted
of endogenous APLF by shRNAwere reconstituted with RNAi-
resistant EGFP-tagged WT APLF, APLFR27A, APLFW189A, and
APLFR27A/W189A, as well as the other Ku-binding mutants, and
were subjected to laser micro-irradiation; recruitment kinetics
weremonitored over 20min (Fig. 4A and supplemental Fig. S6).
Overall, the assembly of APLF at the laser tracks was consider-
ably reduced when the FHA domain, or the ability to interact
with Ku80, was disrupted (Fig. 4A). The APLFR182A,
APLFM190A, and APLFL191A mutant proteins, which did not

abolish interactions with Ku80, were the least affected in that
the monitored assembly of these proteins over 20min was sim-
ilar to WT APLF (Fig. 4A). The recruitment kinetics of the
APLFR184A and APLFW189A mutant proteins were similar to
APLFR27A and APLFR27A/W189A, demonstrating decreased
retention at sites of laser-inducedDNAdamage comparedwith
WT APLF. In contrast, the immediate recruitment of these
mutant proteins appeared similar to WT APLF (Fig. 4A).
We next wondered whether the APLFR27A and Ku-binding

mutant proteins might also be defective in DSB repair. There-
fore, we next examined the role of the APLF-XRCC4 and
APLF-Ku interactions in NHEJ using the random plasmid inte-
gration assay, which is dependent on NHEJ. APLF has been
shown previously to be required for the random plasmid inte-
gration of a linearized plasmid DNA substrate in U2OS cells
(18). Thus U2OS cells stably depleted of endogenous APLF by
shRNA were transfected with RNAi-resistant V5-tagged
APLFWT, APLFR27A, APLFW189A, or NLS-APLFW189A and
examined for plasmid integration. As shown in Fig. 4B, the
mutantAPLFproteinswith defective binding to theNHEJ com-
ponents XRCC4-ligase IV (R27A andW189A) had the greatest
reduction in relative colony formation compared with cells
reconstituted with APLFWT. Interestingly, the introduction of
an NLS to the Ku-binding mutant APLFW189A (NLS-
APLFW189A), which restores APLF nuclear retention and
XRCC4 interaction, demonstrated a reduction in relative plas-
mid integration but was not as severely affected as the R27A or
W189A mutant APLF proteins (Fig. 4B).

DISCUSSION

TheAPLF-Ku interaction is likely important for the function
of APLF in NHEJ, and we sought to better understand the
mechanism of this interaction. The results presented show that
the Ku-bindingmotif onAPLF localizes to a region between the
FHA and tandem PBZ domains. The importance of this amino
acid region is highlighted by the fact that it is evolutionarily
conserved within APLF vertebrate homologues, and indeed,

FIGURE 4. The FHA domain and Ku-binding motif are required for APLF assembly at sites of DNA damage and for APLF-dependent NHEJ. A, U2OS cells
stably depleted of endogenous APLF (U2OSKD) and ectopically expressing RNAi-resistant and eGFP-tagged APLFWT, APLFR27A, APLFW189A, APLFR27A/W189A,
APLFR182A, APLFR184A, APLFM190A, or APLFL191A were subjected to two-photon laser micro-irradiation, and recruitment to the laser tracks was visualized and
quantified over a 20-min period. At least 10 cells were quantified per sample. Error bars represent S.E. B, U2OSKD cells were transfected with empty vector,
RNAi-resistant APLFWT, APLFR27A, APLFW189A, or NLS-APLFW189A and then transfected with linearized plasmid DNA containing a puromycin resistance cassette
48 h later and replated in triplicate at low density in media containing puromycin 24 h later. The resulting puromycin-resistant colonies were stained and
quantified 10 days later. The relative plasmid integration with RNAi-resistant APLFWT was set at 100% integration. The data were derived from three independ-
ent experiments performed in triplicate. Error bars represent the S.D.
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deletion of this region on APLF resulted in diminished
APLF-Ku interactions. A recent report has similarly found that
this region of APLF is critical for the interaction with Ku (32).
Moreover, and surprisingly, APLF nuclear retention was
altered, with an increased redistribution of APLF to the cyto-
plasm in mammalian cells, either when the Ku-binding motif
was disrupted or whenWT human APLF was expressed in Ku-
deficientmammalianCHOcells. APLFnuclear localizationwas
rescued either upon reconstitution with Ku in the Ku-deficient
cells or upon addition of an NLS onto APLF.
The APLF interaction with Ku was further defined to be

strongly dependent on APLF amino acid residues Arg-184 and
Trp-189, which are both invariant in mammalian APLF homo-
logues. Substitution of either one of these residues resulted in
the loss of an interaction with Ku and a dramatic reduction of
APLF nuclear retention (Fig. 2D). Although other residues con-
tained within the Ku-binding region, such as Arg-182 andMet-
190, may contribute to the interaction with Ku, substitution of
these residues resulted in a less severe effect on bothKu binding
and APLF nuclear retention. A peptide corresponding to the
APLF Ku-binding region was found to be sufficient to direct
interactions with purified recombinant Ku heterodimer in
vitro, suggesting that the APLF Ku-binding region might rep-
resent a general Ku-binding motif.
Consistent with the idea of a specific Ku-bindingmotif, other

previously mapped Ku-binding regions forWRN and XLF pos-
sess amino acid sequence similarities to the APLF Ku-binding
motif (33, 34), and peptides derived from these sequences were
found to bind directly to Ku in vitro (Fig. 1D). Interestingly, the
Ku-binding region of XLF, located at the extremeC terminus of
the protein, has been shown to be required for the assembly of
XLF at DSBs, and disruption of this region also reduces the
association with XRCC4 (34). In addition, in both WRN and
XLF the Ku-binding regions lie very close or overlap with their
NLS. Indeed, in patientswithWerner syndrome all of themuta-
tions identified to date result in C-terminally truncated pro-
teins lacking the NLS (35). These truncated WRN proteins are
often undetectable when cell lines from Werner syndrome
patients are examined, suggesting that the truncated proteins
are unstable and rapidly degraded in the cytoplasm. Patients
with XLF mutations have also been noted to have C-terminally
truncated proteins, which also results in the cytoplasmic redis-
tribution of the mutant proteins (15). Therefore, although it is
not clear why these sequences overlap, the functional conse-
quence of disrupting the Ku-binding region in WRN and XLF
also impacts on subcellular localization and is relevant in
human disease.
The site of XLF interaction on Ku has been suggested to

localize to the N-terminal region of Ku (34). As was the case
with APLF, the C-terminal region of Ku80 was found to be
nonessential for the interaction with XLF (34). The existing
data in the literature suggest that APLF interacts with Ku80
(19), likely via the Ku80 von Willebrand A domain (32).
Whether APLF and XLF interact with the same or a different
region of Ku requires further investigation.
At least one way that Ku appears to affect APLF function in

DSB repair is by promoting its nuclear retention and associa-
tion with XRCC4. APLF does not possess a classical NLS, and it

is conceivable that APLF may be co-imported with Ku into the
nucleus via the classical nuclear transport pathway. However, it
is not clear what proportion of endogenous Ku complexes with
APLF under basal conditions and whether the entire propor-
tion of these complexes is important for mediating the nuclear
localization of APLF. Furthermore, we cannot exclude the pos-
sibility that APLF may also be able to passively diffuse into the
nucleus from the cytoplasm. Indeed, our results demonstrated
that a small proportion of APLF is localized to the nucleus in
Ku-deficient hamster cells under basal conditions, suggesting
that APLFmay be able to passively diffuse into the nucleus even
in the absence of Ku.Overall, our data are consistentwithAPLF
being engaged in basal interactions with Ku, which may both
stabilize APLF and contribute to its nuclear retention. There
are other reported examples of small molecular weight and
NLS-deficient repair proteins that rely primarily on interac-
tions withNLS-containing proteins, which are involved in their
respective repair pathway, to bring them into the nucleus, often
in a DNA damage-dependent manner (36, 37). This may repre-
sent a level of spatiotemporal regulation that is more efficient
than simple diffusion.
The first 200 amino acid residues of APLF, which direct

interactions with XRCC4-ligase IV and Ku but lack the C-ter-
minal PBZ domains did not impair APLF nuclear localization
under basal conditions, suggesting that the PBZ domains are
not required for nuclear retention under these conditions. Fur-
thermore, the highly conserved N-terminal FHA domain was
not essential for the nuclear retention of APLF as monitored in
CHO-K1 cells (supplemental Fig. S3). It remains possible, as
reported previously, that FHA-mediated interaction with
XRCC1 may facilitate APLF nuclear import/retention follow-
ing exposure to specific forms of DNA damage such as hydro-
gen peroxide treatment (20). In contrast, following IR there
was no substantial effect on the nuclear localization of APLF in
the presence or absence of the Ku-bindingmotif (supplemental
Fig. S4).
The initial recruitment of APLF to sites of DNA damage is

PBZ- and poly(ADP-ribose)-dependent (27), but the retention
of APLF at sites of DSBs appears to rely at least in part on
additional protein-protein interactions with Ku and XRCC4.
Indeed, the disruption of the APLF-XRCC4 (APLFR27A) and
APLF-Ku (APLFR184A and APLFW189A) interactions impaired
the assembly of APLF at sites of laser-generated DNA damage.
These data are consistent with those from a recent report,
which further demonstrate a requirement for the APLF-Ku
interaction in the assembly of XRCC4 at laser tracks (32).
APLF-dependentNHEJwas also deleteriously affected by the

disruption of the FHA domain (APLFR27A) and Ku-binding
motif (APLFW189A). Interestingly, themeasured effects of these
APLF mutant proteins on APLF-dependent NHEJ appeared to
be more marked than their effects on APLF recruitment, with
these mutants having similar levels of plasmid integration as
those seen with cells depleted of APLF (Fig. 4B). In contrast,
APLFR27A and APLFW189A did not abolish APLF recruitment
(Fig. 4A). This observation may be explained by the different
types ofDNAdamage present in the two assays. Only linearized
plasmid DNA (DSBs) was utilized in the plasmid integration
assay, which would enhance the dependence of APLF on the
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NHEJ factors, XRCC4 and Ku, for integration. In contrast, laser
micro-irradiation would be expected to generate DNA damage
consisting of SSBs and other forms of DNAdamage, in addition
to DSBs (38). This notion is consistent with the recent report
showing an increased reliance on APLF-Ku interactions for
APLF recruitment with increased energy output at the laser
tracks (expected to generate increased DSBs) (32).
The disruption of the APLF Ku-binding motif impacted on

the association with XRCC4, unless an NLS was introduced,
suggesting that the APLF-Ku interaction at DSBs facilitates
the subsequent interactionwithXRCC4.This is consistentwith
the higher relative percentage of colony formation in U2OS
cells expressing NLS-APLFW189A, which rescues the associa-
tion with XRCC4 (supplemental Fig. S1B) compared with
APLFW189A (Fig. 4B). We believe that this defect in XRCC4
association would not be evident unless examined in a cellular
context, which could explain why recombinant XRCC4 and
APLFKu-bindingmutant proteins have been reported to inter-
act in vitro with no observable reduction (32). The deletion of
the XLFKu-bindingmotif similarly impairs XLF-XRCC4 inter-
actions (34). These data identify aKu-bindingmotif and suggest
that the interaction of these NHEJ proteins, XLF and APLF,
with Ku is important for their interaction with and assembly of
XRCC4 at DSBs. Collectively, the results are consistent with
initial PBZ-dependent binding of APLF to poly(ADP-ribose) at
sites of DNA damage followed by an association with Ku that
retains APLF at DSBs and promotes the interaction with
XRCC4-ligase IV and thereby DNA end joining.
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