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DNA-dependent protein kinase (DNA-PK) is a double-strand
breaks repair complex, the subunits of which (KU and
DNA-PKcs) are paradoxically present at mammalian telo-
meres. Telomere fusion has been reported in cells lacking
these proteins, raising two questions: how is DNA-PK pre-
vented from initiating classical ligase IV (LIG4)-dependent
non-homologous end-joining (C-NHEJ) at telomeres and how
is the backup end-joining (EJ) activity (B-NHEJ) that oper-
ates at telomeres under conditions of C-NHEJ deficiency
controlled? To address these questions, we have investigated
EJ using plasmid substrates bearing double-stranded telo-
meric tracks and human cell extracts with variable C-NHEJ
or B-NHEJ activity. We found that (1) TRF2/RAP1 prevents
C-NHEJ-mediated end fusion at the initial DNA-PK end
binding and activation step and (2) DNA-PK counteracts a
potent LIG4-independent EJ mechanism. Thus, telomeres are
protected against EJ by a lock with two bolts. These results
account for observations with mammalian models and
underline the importance of alternative non-classical EJ
pathways for telomere fusions in cells.
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Introduction

Loss of chromosome fragments can lead to apoptosis or
initiate carcinogenesis by means of improper expression or
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silencing of key genes controlling cell proliferation. Thus,
signalling and repair of DNA double-strand breaks (DSB) are
essential for genome stability (O’Driscoll and Jeggo, 2006).
Mammals have evolved two main DSB repair mechanisms,
homologous recombination (HR) and non-homologous end-
joining (NHEJ) (Pardo et al, 2009). HR uses strand exchange
at the break site mainly with the sister chromatid during S
and G2 phases of the cell cycle. NHEJ, on the other hand,
rejoins the two ends of the break throughout the cell cycle
and is the predominant mechanism in G1. The main NHEJ
reaction, hereafter named classical NHEJ (C-NHEJ), relies on
recognition, protection and bridging of the DNA ends by the
DNA-dependent protein kinase complex (DNA-PK). This
complex is composed of the DNA binding KU70/KU80 het-
erodimer, which recruits the serine-threonine kinase catalytic
subunit (DNA-PKcs) (for a review, see Mahaney et al, 2009).
DNA-PK also activates end-processing enzymes such as the
Artemis nuclease (Goodarzi et al, 2006) and is required for
the stable recruitment of the XRCC4/DNA ligase IV (LIG4)/
Cernunnos-XLF complex that catalyses the final ligation step
(Drouet et al, 2005; Wu et al, 2007). Recently, evidence has
accumulated for an alternative or backup NHEJ pathway
(hereafter named B-NHEJ), which accounts for residual
end-joining (EJ) of DSB in cells that are deficient in compo-
nents of C-NHEJ (for reviews, see Nussenzweig and
Nussenzweig, 2007; Haber, 2008; McVey and Lee, 2008).
B-NHEJ is repressed by C-NHEJ and preferentially uses
DNA microhomology for EJ (Guirouilh-Barbat et al, 2007;
Schulte-Uentrop et al, 2008). Data from our and other labora-
tories have implicated XRCC1/DNA ligase III and PARP-1 in
B-NHEJ (Audebert et al, 2004; Wang et al, 2005; Robert et al,
2009); in addition these proteins are involved in the repair of
base damage and single-strand breaks.

Efficient cellular mechanisms for coping with genomic
DSB present a challenge to linear chromosomes that must
prevent unwanted signalling, joining or recombination at
their ends. In most eukaryotes, chomosome ends are com-
posed of special nucleoprotein structures called telomeres. In
humans, the telomeric DNA comprises typically 10-15kb of
T,AG; duplex repeats oriented 5 to 3’ towards the chromo-
some end, followed by a 3’ single-stranded extension com-
posed of these same repeats over 50-500 nucleotides. The
T,AG; repeats associate with shelterin, a complex of proteins:
Tin2 bridges the TRF1 and TRF2/RAP1 complex that is bound
to the double-stranded (ds) telomeric repeats whereas the
POT1/TPP1 complex is attached to the G-rich tail (reviewed
in Palm and de Lange, 2008). The 3’ overhang folds back and
invades the duplex telomeric repeat to form the so-called
T loop (Griffith et al, 1999) most likely because of the
DNA unwinding properties of TRF2 (Amiard et al, 2007).
A minimal telomere length is needed, probably required
for shelterin assembly. This is maintained either by the
telomerase activity or alternative recombination-based me-
chanisms (reviewed in Verdun and Karlseder, 2007; Cesare
and Reddel, 2008).
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Some of these proteins participate in DSB signalling avoid-
ance at telomeres; it has been shown that TRF2 is necessary
to prevent ATM activation whereas POT1 in association with
TPP1 is responsible for ATR inhibition (Denchi and de Lange,
2007). They also have a role in preventing end fusion; TRF2 is
essential for inhibition of telomere fusion in cells (van
Steensel et al, 1998; Celli and de Lange, 2005; Celli et al,
2006), most likely by anchoring RAP1 on telomeres (Sarthy
et al, 2009)). The extent of end fusion on loss of TRF2 is far
more pronounced than for POT1 deficiency (Hockemeyer
et al, 2006). In addition, the G-rich tail is not required for
TRF2/RAP1-mediated inhibition of EJ on telomeric DNA
in vitro (Bae and Baumann, 2007). Some human telomeres
whose length is incompatible with T-loop formation also
appear to escape fusion in cells (Baird et al, 2003; Xu and
Blackburn, 2007). These results suggest that duplex telomeric
repeats and the associated proteins are a major contribution
to EJ avoidance at telomeres.

Surprisingly, both KU and DNA-PKcs components of the
C-NHEJ machinery are present on telomeres (Hsu et al, 1999;
d’Adda di Fagagna et al, 2001). This observation underlines
the paradoxical protection and fusion functions of these
proteins at telomeres (reviewed in Fisher and Zakian, 2005;
Riha et al, 2006). The near complete absence of chromosome
fusions on inhibition or loss of TRF2 in an LIG4-deficient
background clearly argues for a predominant role of the
C-NHEJ mechanism for telomeric fusions under these shel-
terin destabilization conditions (Smogorzewska et al, 2002;
Celli and de Lange, 2005). Under these conditions, telomeric
fusion has been shown to predominate in G1 phase of the cell
cycle (Konishi and de Lange, 2008). Similarly, LIG4 is re-
sponsible for the fusion of sister telomeres in cells deficient in
the telomeric poly(adenosine-diphosphate ribose) polymer-
ase tankyrase-1 (Hsiao and Smith, 2009). However, signifi-
cant chromosome end fusions occur on TRF2 loss in the
absence KU, although 10-fold less frequently than in wild-
type cells (Celli et al, 2006). In addition, spontaneous chro-
mosomal end fusions are also promoted by a deficiency in
either KU (Bailey et al, 1999; Hsu et al, 1999, 2000; Samper
et al, 2000; d’Adda di Fagagna et al, 2001; Espejel et al, 2004;
Li et al, 2007) or DNA-PKcs (Gilley et al, 2001; Goytisolo
et al, 2001), where, at least in the absence of KU, the core
shelterin complex appears broadly normal (Celli et al, 2006).
Moreover, both DNA-PKcs and LIG4 have been shown to be
dispensable for chromosomal fusions arising in telomerase-
deficient mouse cells (Maser et al, 2007), in line with the
report of KU- and LIG4-independent telomere fusions on
attrition in fission yeast (Wang and Baumann, 2008).
However, another group has reported that KU and DNA-
PKcs are necessary for fusions in telomerase-deficient mouse
cells (Espejel et al, 2002a,b).

These observations raise several questions: (1) which of
the end-recognitions or the DNA ligation steps in the C-NHEJ
mechanism is blocked at telomeres? (2) Does a DNA-PK-
independent and LIG4-mediated or a B-NHEJ alternative EJ
mechanism operate at chromosome ends under special
conditions? (3) What is the connection between both the
shelterin and the NHEJ proteins at telomeres and this DNA-
PK-independent EJ mechanism?

To address these questions, we have used an EJ assay with
plasmid substrate bearing at one end ds telomeric tracks,
defined as the minimal structure protecting from EJ (Bae and
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Baumann, 2007). The joining reaction was catalysed by
human cell extracts under controlled conditions enabling
either C-NHEJ or B-NHEJ. We show that TRF2/RAP1 and
DNA-PK complexes protect telomeres by two complementary
mechanisms. The former prevents C-NHEJ-mediated end
fusion at the initial DNA-PK end-binding step whereas the
latter counteracts a potent LIG4-independent EJ mechanism
that promotes ligation in the absence of DNA-PK. This
double-lock protection accounts for observations with mam-
malian models and underlines the importance of alternative
non-classical EJ pathways for telomeres fusion in cells.

Results

Inhibition of C-NHEJ-mediated joining of telomeric ds
DNA ends relies on an impaired DNA-PKcs activation
An in vitro assay with cell extracts and DNA substrates was
used to mimick the effect of telomeric DNA on EJ mediated
by the NHEJ apparatus. As ligation substrate, the pUCtelo2
plasmid containing 648bp of 5-T,AG; repeats was used
(Amiard et al, 2007), which closely matches the natural
mean telomere length (Figure 1A). Appropriate restrictions
of pUCtelo2 produced linear plasmids with a ds telomeric
tract plus 1bp at one end, at the 5’ end (pT5’), at the 3’end
(pT3’) or ending with a 31bp non-telomeric sequence
(pT3'H). The EJ reaction obtained with the HeLa extracts
was sensitive to the addition of a DNA-PKcs-specific inhibi-
tor or antibodies directed against XRCC4, showing that it was
true C-NHEJ (Supplementary Figure S1A, lanes 1 and 3,
respectively). When introduced into the EJ assay, 30-31%
of a control pBS substrate digested with the same restriction
enzyme as pUCtelo2 was converted into dimers and multi-
mers, whatever the DNA end (Figure 1B, lanes 1 and 5;
Supplementary Figure S1B, lanes 1-3). In contrast, only 15-
18% of the pT3’ was rejoined and only dimers were observed
(Figure 1B, lanes 2 and 6; Supplementary Figure S1B, lane 5).
However, the pT5' and the pT3’H substrates were as effi-
ciently rejoined as the control pBS (Supplementary Figure
S1B, lanes 4 and 6, respectively). All the ligation events were
sensitive to NU7026 (Figure 1B, lane 9; Supplementary Figure
S1B, lanes 7-9). These results show that the C-NHEJ inhibi-
tion mediated by the telomeric tract was restricted to the
T,AG3-3’ orientation (pT3’) and was released by the addition
of non-telomeric 31 bp at this end.

Having validated our in vitro assay for EJ inhibition by
telomeric DNA as reported earlier (Bae and Baumann, 2007),
we restricted the accessibility of ligation only to one end by
constructing another series of substrates, bearing a biotin
residue at the end opposite to the telomeric end (Figure 1A,
biopT plasmids). A biotinylated non-telomeric plasmid with a
smilar length and free end was used as control (Figure 1A,
biopC plasmid, track 3). As shown in Figure 1B, blocking the
non-telomeric end by a biotin residue was sufficient to
prevent the residual dimer formation on the pT3’ substrate
and led to an extensive EJ inhibition, which was very similar
with or without streptavidin in the reaction (87 and 80%,
respectively, as quantified from Figure 1B). This shows that a
long T>AG3-3’ tract mimicking a natural ds chromosome end
is refractory to NHEJ-mediated ligation in vitro.

DNA-PKcs activity is necessary for efficient EJ of DSB
in vitro and in cells (Meek et al, 2008). Therefore, we checked
the effect of telomeric tracts at a DNA end on the activation of
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Figure 1 DNA substrates construction and EJ and kinase assays with telomeric DNA. (A) Construction scheme of the plasmids and DNA
fragments used. pUCtelo2 plasmid contains a 648 bp telomeric sequence inserted between EcoRI and BamHI sites as detailed in the upper part
of the figure. Track 1: non-biotinylated plasmids. pUtelo2 was digested with the indicated enzymes to produce linearized plasmid bearing a
telomeric sequence at the 5’ end (pT5’), the 3’ end (pT3’) or moved at various distance inward from the 3’ end (pT3’X, pT3’S, pT3'H). Track 2:
biotinylated plasmids. Biotinylation followed by appropriate restriction produced the same 3’ended-telomeric plasmids but containing biotin at
the opposite end (biopT3’, biopT3’X, biopT3’S). Track 3: biotinylated fragments. Biotinylation followed by appropriate restriction produced
fragments with the telomeric sequence at various distance inward from the 3’ end (fT3’, fT3'X, fT3'S, fT3'H) and containing biotin at the
opposite end. The control plasmid (biopC) corresponds to the pUCtelo2 plasmid without telomeric sequence and biotinylated at the 5’ end. A
control non-telomeric 502 bp fragment biotinylated or not at the 5-end was amplified by PCR from pBluescript-KS-II(—) (see Materials and
methods). (B) EJ assay catalysed under standard reaction conditions with the indicated plasmids and HeLa extracts, in the presence or not of
streptavidin or DNA-PK-specific inhibitor NU7026. DNA ligation products were separated by agarose gel electrophoresis followed by SYBR-
Green staining. pBS stands for pBluescript-KS-II(—). Ligation efficiency (% of multimers versus monomer) was 30.2, 17.9, 13.7, 2.7 for lanes
1-4 (without streptavidin) and 31, 15.2, 12.7, 1.6 for lanes 5-8 (with streptavidin), respectively (C) DNA-PK assay catalysed under standard
conditions with the indicated DNA fragments and HeLa extracts, in the presence or not of streptavidin or DNA-PK-specific inhibitor NU7026.
DNA-PK peptide substrate was isolated by polyacrylamide denaturing gel electrophoresis followed by auto-radiography of the gel.
(D) Quantification of independent experiments as shown in (C) (n=3). Relative DNA-PKcs activity was calcultated as the % of radiolabel
incorporation in the peptide substrate obtained with fT3’ fragment as activating DNA compared with the incorporation obtained with fT3'H
fragment, after subtraction in each case of the background incorporation obtained without DNA. Error bars correspond to s.e.m.

DNA-PKcs in vitro. The telomeric fragment was isolated
from pUCTelo2 and biotin was incorporated at one end to
restrain the possibility of DNA-PKcs activation either at the
3’ telomeric end (fT3’) or the 3’ telomeric end extended with a
31bp non-telomeric sequence (fT3'H) (Figure 1A). DNA-
PKcs activity on a standard peptide substrate was assessed
in the NHEJ competent HeLa extracts under the same buffer
conditions as the EJ reaction and with the various activating
DNA fragments biotinylated at one end, with or without
streptavidin (Figure 1C). Peptide phosphorylation was com-
pletely abolished with NU7026 showing that this reaction
requires DNA-PKcs activity. In the absence of streptavidin,
all added fragments promoted an activity above the back-
ground obtained with the extracts alone, indicating that
DNA-PKcs activation was dependent on the exogenous
DNA ends provided in the assay. On streptavidin addition,

©2010 European Molecular Biology Organization

the DNA-PKcs activity promoted by the fT3’ fragment
dropped markedly whereas it remained unchanged with the
other DNA fragments. As quantified in Figure 1D, DNA-
PKcs activation targeted on the T,AG;-3' extremity
(fT3’ + streptavidin) was reduced by more than 80% when
compared with the activation obtained with a 31bp non-
telomeric DNA extension added to the telomeric tract (fT3'H).
The latter fragment yielded the same DNA-PKcs activation
level as a control DNA fragment (Figure 1C), indicating that
31 non-telomeric bps were sufficient to completely overcome
the inhibitory effect of telomeric repeats at the 3’ end on
DNA-PKGcs.

To check more precisely the distance from the end that is
required for the inhibitory effect on NHEJ of telomeric repeats
at the 3’ end, the 5’ biotinylated substrates biopT3'X and
biopT3’S were constructed, bearing 7 or 13 non-telomeric bps
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added 3’ to the telomeric sequence, respectively (Figure 1A).
As shown in Supplementary Figure S2A, NHEJ was repressed
on 3’X ends as strongly as on 3’ telomeric plasmids (lanes 1, 2
and 4, 5) but was efficient on 3'S substrates, leading to
multimers without biotin (pT3’S plasmid, lane 3) and to
dimers with biotin (biopT3’S plasmid, lane 6). Thus, under
these conditions, the 3’ telomeric tract did not inhibit NHEJ-
mediated EJ at this end beyond a 13 bp distance. We then
assessed the effect of the telomeric tract distance from the
3’ end on DNA-PKcs activity. Supplementary Figure S2B
shows that the strong kinase inhibition observed at the fT3’
fragment (lane 2) was already absent when the telomeric
tract was moved 7 bp inward from the 3’ end (lane 3, fT3'X
substrate).

TRF2/RAP1 complex mediates C-NHEJ inhibition at
telomeric ends through hindrance at the KU loading
and DNA-PK activation steps

Binding of TRF2/RAP1 complex to ds telomeric DNA has a
major role in EJ inhibition (Bae and Baumann, 2007). To
investigate the molecular basis of NHEJ inhibition at ds
telomeric DNA ends under our in vitro conditions, we
immuno-depleted HeLa extracts for TRF2 and RAP1 proteins
(Figure 2A). After immuno-depletion, RAP1 was undetectable
whereas a faint amount of TRF2 was still present and
TRF1 concentration remained unchanged. We failed to selec-
tively immuno-deplete TRF1 from the extracts because of a
cross-reactivity with TRF2 of immuno-precipitant anti-
TRF1 antibodies (Supplementary Figure S3), as reported
(Bae and Baumann, 2007). When immuno-depleted extracts
were assayed with the telomeric ends and control substrates,
EJ was largely re-established at the telomeric DNA end of
the biopT3’ plasmid (Figure 2B and C). A decrease in the
overall EJ activity on the control substrate was observed,
probably because of extract manipulations during immuno-
depletion. EJ remained sensitive to NU7026 (Figure 2B,
lane 5) and was undetectable in the absence of LIG4
(Supplementary Figure S4B, lane 8), indicating that telomeric
ends ligation still relied on C-NHEJ in the absence of TRF2/
RAP1 complex.

Under the salt conditions used here, KU binding to DNA
ends is necessary for DNA-PK activation (Hammarsten and
Chu, 1998). As DNA-PK activity was impaired at telomeric
ends, we have perfomed pull-down experiments with strep-
tavidin beads and biotinylated DNA fragments to assess KU
loading at these ends with HeLa extracts proficient or defi-
cient in TRF2/RAP1. The reaction contained ATP to allow
DNA-PKcs activation, auto-phosphorylation (Chan and Lees-
Miller, 1996) and detachment from the probe in case of
proper activation, as shown earlier (Calsou et al, 1999). As
binding of KU to the telomeric probe might occur indirectly
through interaction with TRF2 or TRF1 proteins (Hsu et al,
1999; Song et al, 2000), we first tested the effect of the salt
molarity during the washing step (Figure 2D). As expected,
RAP1 was specifically pulled down with the telomeric probe
and resisted high salt washing (lanes 3 and 5). At the lower
salt concentration, no difference was observed for KU and
DNA-PK pull-down between non-telomeric and telomeric
probes (lanes 2 and 3). In contrast, a marked difference
between the two probes was observed for the two proteins
under a higher salt molarity: KU failed to accumulate at the
telomeric probe whereas DNA-PKcs was mainly pulled down
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on this probe (lanes 4 and 5). This pattern is reminiscent to
what we have observed under conditions of kinase inhibition
that led to a blocked DNA-PK complex at the DNA end
(Calsou et al, 1999). The higher salt conditions were therefore
chosen to perform a pull-down with both probes and control
and TRF2/RAP1-depleted extracts in parallel (Figure 2E).
Again, RAP1 was specifically pulled down with the telomeric
probe but, as expected, was absent in pull-down from the
depleted extracts. In contrast, TRF1 was equally pulled down
on the telomeric probes, whether TRF2/RAP1 was present or
not (lanes 4 and 6). Regarding KU and DNA-PKcs, the same
pattern as in Figure 2D was found with the control extract,
consistent with the presence of a blocked DNA-PK complex
at the telomeric-ended probe (lanes 3 and 4). In contrast, KU
was fully pulled down on the telomeric probe from TRF2/
RAP1-depleted extracts (lane 6) and DNA-PKcs was equally
pulled down with both the probes in the absence of TRF2/
RAP1, suggesting equal kinase activity on both probes. At ds
telomeric ends, TRF2/RAP1 complex, but not TRF1 alone, is
likely responsible for an hindrance of the DNA-PK loading on
DNA necessary for proper DNA-PKcs activation that in turn
impairs LIG4-dependent EJ at these ends.

KU and DNA-PKcs are the main factors that prevent
B-NHEJ from operating on telomeric ends
Various instances of telomere fusions independent of C-NHEJ
have been described in cells (Bailey et al, 1999; Hsu et al,
1999, 2000; Samper et al, 2000; Gilley et al, 2001; Goytisolo
et al, 2001; d’Adda di Fagagna et al, 2001; Espejel et al, 2004;
Li et al, 2007; Maser et al, 2007). We, therefore, decided to
characterize this EJ activity in vitro. To prevent C-NHEJ, we
used extracts from a human pre-B-cell line, N114P2, with
targeted disruption in both LIG4 alleles (Grawunder et al,
1998), and from its parental line, Nalm-6 as control. As
expected, no LIG4 was detected in N114P2 extracts
when compared with extracts from the parental Nalm-6 cell
(Figure 3A; Supplementary Figure S4A). Likewise as shown
in Supplementary Figure S4B, no ligation activity was
observed with LIG4™~ extracts on control plasmid (lanes 2
and 4), whereas LIG4 " extracts ligated the control plasmid
but not the telomeric substrate (lanes 1 and 5). As already
observed with HelLa extracts (Figure 2B), immuno-depletion
of TRF2/RAP1 proteins from LIG4 " extracts overcame the
ligation inhibition on telomeric plasmid (Supplementary
Figure S4B, compare lanes 5 and 7), whereas TRF2/RAP1-
depleted LIG4™ extracts still did not ligate this substrate
(compare lanes 6 and 8), indicating that C-NHEJ is involved.
KU has been described as a major inhibitor of alternative
routes for EJ in vitro (Wang et al, 2006) and in vivo
(Guirouilh-Barbat et al, 2007; Schulte-Uentrop et al, 2008).
Therefore, extracts were immuno-depleted for KU or both
KU and DNA-PKcs proteins and EJ capacity was assessed
with LIG4-deficient extracts to prevent C-NHEJ activity
(Figure 3A). As shown in Figure 3B, KU depletion showed
an EJ activity in the absence of LIG4, operating on non-
telomeric and telomeric-ended plasmid (lanes 3 and 4).
Strikingly, the addition of 2mM B-NAD stimulated more
than two-fold the ligation of both substrates (Figure 3C),
indicating that this LIG4-independent ligation relied in part
on PARP activation (Audebert et al, 2004; Wang et al, 2006).
A two-fold stimulation of ligation in KU-depleted LIG4™
extracts was also observed by increasing magnesium
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Figure 2 TRF2/RAP1complex mediates C-NHEJ inhibition at telomeric ends through hindrance at the KU loading and DNA-PK activation
steps. (A) Western blotting analysis of HeLa protein extracts after immuno-depletion as indicated. Protein samples were denatured and
separated on 8% SDS-PAGE gel followed by electrotransfer on membrane and blotting with the antibodies as indicated. (B) EJ assay catalysed
under standard reaction conditions with the indicated plasmids and HeLa extracts depleted as specified, in the presence or not of NU7026. DNA
ligation products were separated by agarose gel electrophoresis followed by SYBR-Green staining. (C) Quantification of independent
experiments as shown in (B) (n=3). Relative ligation efficiency was calcultated as the % of ligation obtained in each case related to the
ligation obtained on the control biopC plasmid with the control IgG-depleted extracts. Error bars correspond to s.e.m. Black bars correspond to
control IgG-depleted extracts and grey bars to TRF2/RAP1-depleted extracts. Absolute ligation efficiency was 4.6 + 0.8 % s.e.m. for IgG-depleted
extracts on bioPC plasmid. (D) Pull-down experiment under standard conditions with HeLa extracts mixed with the indicated biotinylated DNA
fragments. Salt molarity during washing of the beads is specified. The initial amount of protein used during the pull-down experiment was
loaded as input. Protein samples were denatured and separated on 8% SDS-PAGE gel followed by electrotransfer on membrane and blotting
with the antibodies as indicated. (E) Pull-down experiment as in (D) but with immuno-depleted HeLa extracts as indicated and washing under

high salt conditions. C stands for the 502 bp non-biotinylated control DNA fragment.

concentration up to 3mM (data not shown) in agreement
with published results (Wang et al, 2001). The ligation
observed in the absence of KU was bona fide B-NHEJ because
it was efficient in the absence of LIG4 (Figure 3B) and it was
resistant to both the DNA-PKcs inhibitor, NU7026, and the
anti-serum against XRCC4, which otherwise strongly inhib-
ited C-NHEJ (Supplementary Figure S4C and $4D). In addi-
tion, we have observed a preferential ligation of compatible
plasmid DNA ends versus incompatible ends under our
B-NHEJ conditions (Supplementary Figure S5), in agreement
with the microhomology preference of LIG4-independent
ligation (McVey and Lee, 2008). Compared with the effect
of only KU depletion, co-depletion of both components of
DNA-PK significantly increased the ligation yield (Figure 3C;
Supplementary Figure S6), suggesting a facilitating effect of
DNA-PKcs in addition to KU for inhibition of B-NHEJ at ds
telomeric ends.
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As co-depletion of some unknown component in addition
to KU could have occurred, we added back purified human
KU dimer to the depleted extracts. A dose-dependent inhibi-
tion of ligation was obtained using the telomeric-ended
substrate over the range of KU concentrations used, and
complete inhibition was observed for the maximal amount
(200ng; Figure 3D), although it remained far below the
amount present in the original extracts (Supplementary
Figure S7). Interestingly, the inhibition obtained was greater
for extracts still containing DNA-PKcs than for extracts
lacking both DNA-PK components (Figure 3E). This suggests
again a facilitating effect of DNA-PKcs in addition to KU for
B-NHEJ repression at telomeric ds ends.

Several other proteins have been proposed to participate in
alternative EJ pathways (McVey and Lee, 2008). Our and
other groups have shown that in biochemical assays with cell
extracts KU competes with PARP-1 for DNA end binding, that
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Figure 3 KU and DNA-PKcs prevent B-NHEJ at telomeric ends. (A) Western blotting analysis of Nalm-6 and N114P2 protein extracts after
immuno-depletion as indicated. Protein samples were denatured and separated on 8% SDS-PAGE gel followed by electrotransfer on membrane
and blotting with the antibodies as indicated. (B) EJ assay catalysed under standard reaction conditions with the indicated plasmids and
N114P2 LIG4- extracts depleted as specified, in the presence or not of B-NAD. DNA ligation products were separated by agarose gel
electrophoresis followed by SYBR-Green staining. (C) Quantification of independent experiments as shown in (B) (n=3). For each plasmid
series (biopC control or biopT3’ telomeric plasmid), relative ligation efficiency was calcultated as the % of ligation obtained in each case
related to the ligation obtained with the KU/DNA-PKcs-depleted extracts without NAD. Error bars correspond to s.e.m. (D) EJ assay catalysed
under standard reaction conditions with the indicated plasmids and Nalm-6 LIG4" or N114P2 LIG4~ extracts depleted as specified, in the
presence or not of the indicated amount of purified KU protein. DNA ligation products were separated by agarose gel electrophoresis followed
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PARP-1 can perform a synapsis activity and that it is required
for a subsequent LIG3-dependent joining step (Audebert et al,
2004; Wang et al, 2006; Liang et al, 2008). In addition, recent
results argue for a role of the MRN complex in this alternative
repair route (Dinkelmann et al, 2009; Rass et al, 2009; Xie
et al, 2009; Zhuang et al, 2009). We, therefore, investigated
the recovery of PARP-1 and MREI1 as representative candi-
date proteins in pull-down experiments from LIG4-deficient
extracts proficient or deficient in KU and with either telomeric
or non-telomeric probes. As salt sensitivity of B-NHEJ pro-
tein/DNA complexes could not be anticipated, we washed
beads under two salt concentration conditions. As shown in
Figure 4A, the same pattern was observed for KU as in HeLa
extracts in Figure 2D and E; at the lower salt concentration,
there was no difference for KU pull-down for non-telomeric
or telomeric probes (lanes 3 and 4) whereas at a higher
concentration, KU failed to accumulate on the telomeric
probe (lanes 8 and 9). RAP1 was specifically pulled down
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with the telomeric probe and resisted high salt washing
(lanes 4, 6, 9 and 11). Strikingly, PARP-1 and MREI11 exhibited
the same pattern, whether the DNA end was telomeric or not;
under low salt conditions, there was a marked increase in
both proteins pulled down from KU-depleted extracts (lanes
5, 6) when compared with control extracts (lanes 3, 4),
whereas this difference was lost under higher salt molarity.
This result indicates that KU competes with PARP-1 and
MRE1l for loading at DNA ends; in addition, PARP-1 and
MREI11 binding at telomeric ds seems to be insensitive to the
shelterin complex.

TRF2/RAP1 complex does not impair B-NHEJ

at telomeric ends

As TRF2 and RAP1 proteins were still present in KU-depleted
extracts (Figure 3A), we addressed their effect on B-NHEJ.
A combination of RAP1 and TRF2 antibodies was able to
overcome the C-NHEJ inhibition observed using the telomeric
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Figure 4 TRF2/RAP1complex does not impair loading of candidate
B-NHEJ proteins or B-NHEJ catalysed EJ at telomeric ends. (A) Pull-
down experiment under standard conditions with control or Ku-
depleted N114P2 extracts mixed with the indicated DNA fragments.
Salt molarity during washing of the beads is specified. The initial
amount of protein used during the pull-down experiment was
loaded as input. Protein samples were denatured and separated
on 8% SDS-PAGE gel followed by electrotransfer on membrane and
blotting with the antibodies as indicated. C stands for the 502 bp
non-biotinylated control DNA fragment. (B) EJ assay catalysed
under standard reaction conditions with the indicated plasmids
and Nalm-6 LIG4 ™" or N114P2 LIG4 ™~ extracts depleted as specified,
in the presence or not of a mixture of antibodies against TRF2 and
RAP1. DNA ligation products were separated by agarose gel elec-
trophoresis followed by SYBR-Green staining. The ratio of ligation
efficiency with TRF2/RAP1 antibodies versus without antibodies
was 0.9, 1, 8.4 and 1.2 for pair of lanes 5/1, 6/2, 7/3 and 9/4,
respectively.

substrate, mimicking immuno-depletion of both proteins
(Supplementary Figure S8). As shown in Figure 4B, this
mixture of antibodies clearly stimulated C-NHEJ on telomeric
plasmid with the control LIG4" /KU* extracts (eight-fold
stimulation of ligation efficiency between lanes 3 and 7);
strikingly, it had no significant effect on the B-NHEJ activity
operating on telomeric plasmid with KU-depleted LIG4~
extracts (ratio 1.2 of ligation efficiency between lanes 8 and
4). Together, these results indicate that KU/DNA-PKcs rather
than TRF2/RAP1 complex has a major role for B-NHEJ
inhibition at ds telomeric ends.

Discussion

Interplay between shelterin and C-NHEJ proteins

at ds telomeric end

Bae and Baumann (2007) have observed an inhibition of
LIG4-dependent EJ at short ds telomere tracks with cell
extracts. Here, we have analysed the first steps of this
reaction by using a similar EJ reaction assay with human
cell extracts, longer telomeric tracks and restricting the
accessibility of ligation to only one end of the plasmid
substrate. Under these conditions, we measured 80-90% EJ
inhibition at ds 3’-telomeric ends. We show for the first time
that TRF2/RAP1 impairs the proper DNA-PK binding at ds
telomeric ends that are necessary for DNA-PKcs activation,
which is in turn indispensable for LIG4-dependent EJ.

©2010 European Molecular Biology Organization

Double protection against fusion at telomeres
0 Bombarde et al

Shelterin

status: TRF2* TRF2~

C-NHEJ | (1) Ku* (2) KU~ (3) KU* (4) LIG4— (5) KU~
status:

YNy 1

Y| 7

XLX B-NHEJ| B-NHEJ

XLX B-NHEJ| B-NHEJ B-NHEJ

Fusion
pathway:

CNHEJ  — — + - =
BNHES  — + - - +

. . DNA-PKcs
0 TRF2 dimer O KU70/80 dimer D (inactive conformation)

//—— Telomere DNA-Plics

® RaP1 (active conformation)

® Phosphorylation
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When binding of TRF2/RAP1 complex to telomeric ends
was impeded by immuno-depletion, DNA-PK binding and
activation were restored and allowed subsequent LIG4-
dependent ligation.

In Figure 5, we propose a model integrating our pull-down
results from control and TRF2/RAP1-depleted extracts with
the telomeric probe (Figure 2D and E). It is known that DNA-
PKcs loading on KU, which is bound to a DNA end, induces
an inward translocation of KU (Yoo and Dynan, 1999). This
translocation is probably required for the melting of DNA
termini needed for DNA-PKcs activation (Hammarsten et al,
2000; Jovanovic and Dynan, 2006). The presence of the
shelterin DNA complex at the telomeric terminus likely
causes steric hindrance (dependent on TRF2/RAP1) that
impairs a proper inward sliding of KU on the DNA helix
(Figure 5, column 1), as shown with extracts from two
different cell lines (Figures 2E and 4A). Under such condi-
tions, DNA-PK remains at the DNA end in an inactive form,
with a protein/DNA end molar ratio likely close to one, as
shown elsewhere (Calsou et al, 1999). This explains the
DNA-PKcs accumulation at telomeric ends compared with
freely activating DNA ends, despite a low amount of pull-
down KU (Figure 2D and E). In contrast, TRF2/RAP1 deple-
tion allows KU inward translocation, DNA-PKcs activation
and detachment by auto-phosphorylation (Chan and Lees-
Miller, 1996) (Figure 5, column 3). As demonstrated earlier
under similar pull-down conditions (Calsou et al, 1999),
iterative binding and activation events then occur and pro-
mote KU accumulation along the DNA telomeric probe
(Figure 5, column 3), thus increasing KU/DNA-end molar
ratio (Figure 2D and E). The polarity of the EJ inhibition
suggests that the conformation of the shelterin complex at the
telomeric end facing KU may be different in the 3’ and 5
orientation.

Interestingly, when the telomeric tract was moved inward
from the 3’ end, DNA-PK activation was completely restored
when the telomeric sequence was 7 bp from the 3’ end while
ligation activity required 13 bp. KU inward sliding from the
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DNA end likely covers a distance shorter than that necessary
for proper positioning of the ligation complex (Modesti et al,
1999; Lu et al, 2007).

Negative control of B-NHEJ at DNA ends by DNA-PK
Biochemical data with purified components have indicated
that KU stimulates other mammalian ligases than LIG4
(Ramsden and Gellert, 1998). However, the rescue of the
embryonic lethality of LigIlV /" mice (Karanjawala et al,
2002) or radiosensitivity of LIG4-deficient cells by a
simultaneous abrogation of KU (Adachi et al, 2001) rather
supports a dominant negative inhibition exerted by KU on
backup EJ in the absence of LIG4. In agreement, we observe
here that KU immuno-depletion from LIG4~ extracts mediates
EJ and back complementation with purified protein abolishes
it. This clearly shows that KU is the main contributor to
B-NHEJ inhibition at ds telomeric ends. In addition,
the DNA-PKcs subunit exerts a facilitating effect on this
B-NHEJ repression.

What is the basis of KU-dependent inhibition of B-NHEJ at
telomeres? It has been shown that a DNA end bearing a
blocked DNA-PK complex is protected from further proces-
sing by either DNA polymerization, degradation or ligation
(Calsou et al, 1999). As DNA-PK complex is likely blocked at
ds telomeric ends because of TRF2/RAP1-dependent hin-
drance, the simplest model is that this DNA-PK prevents, in
turn, loading of key B-NHEJ proteins (Figure 5, column 1), in
agreement with the observation that DNA-PK suppresses B-
NHEJ in vitro (Perrault et al, 2004). Furthermore, we and
others have reported evidence for the involvement of PARP-1
in alternative EJ (this work and Audebert et al, 2004; Wang
et al, 2006; Robert et al, 2009). Although under normal
conditions, DNA-PK competes with PARP-1 for binding to
DSB, PARP-1 becomes more efficient than DNA-PK in the
absence of KU (Wang et al, 2006), in agreement with our
results. Additionally, the shelterin-driven KU localization at
telomeres may have a role. Indeed, KU localizes at telomeres
most likely through interactions with the TRF2 and TRF1
components of the shelterin apparatus (Hsu et al, 2000; Song
et al, 2000). As TRF2/RAP1 depletion in LIG4~ extracts did
not promote ligation of the telomeric-ended substrate
(Supplementary Figure S3), it is unlikely that TRF2-KU
interaction affords protection against B-NHEJ. However, a
TRF1-KU interaction may persist under these conditions, and
cannot be excluded as a participant in protection from EJ, as
proposed (Hsu et al, 2000).

We observed that B-NHEJ inhibition at ds telomeric
ends was released by KU depletion even in TRF2/RAP1-
proficient extracts. Additionally, B-NHEJ proteins were
pulled down despite the presence of TRF2/RAP1 on the
DNA probe and antibody-mediated inactivation of this
complex did not impact on the B-NHEJ efficiency.
Togther, these results indicate that, contrary to C-NHEJ,
loading and activation of B-NHEJ proteins are not signifi-
cantly impaired by the shelterin at the ds telomeric ends
(Figure 5, column 2). This may be a good reason for the
involvement of a second KU-dependent mechanism
against improper joining at these ends. Further experi-
ments are now needed in cellulo to decipher the interfer-
ence at telomeric ends between shelterin and B-NHEJ
candidate proteins reported here.
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Relevance to in vivo situations

In humans, the telomeric DNA comprises T,AGs; duplex
repeats oriented 5’ to 3’ toward the chromosome end, fol-
lowed by a 3’ T,AG; single-stranded extension. Although the
G-tail may participate in EJ inhibition at telomeres, for
example through impairment of DNA-PK activation (Tsai
et al, 2007), our results together with a published report
(Bae and Baumann, 2007) clearly emphasize a specific role of
the duplex repeats for this inhibition. Telomeric ends devoid
of the 3'G-tail may be relevant to certain situations in cells
such as blunt telomeres generated by leading strand synthesis
(Gilson and Geli, 2007) or processing by the nuclease activity
of ERCC1/XPF (Zhu et al, 2003) or MRE11 (Deng et al, 2009).
Indeed, our results account for various results obtained
in cellulo. We found that on TRF2/RAP1 depletion, EJ was
mainly LIG4 dependent, which agrees with the LIG4 depen-
dency of telomere fusion consecutive to either TRF2 inhibi-
tion by expression of a dominant negative variant
(Smogorzewska et al, 2002), expression of a thermosensitive
mutant of TRF2 (Konishi and de Lange, 2008) or deletion by
Cre-dependent recombination in mouse cells (Celli and de
Lange, 2005; Celli et al, 2006) (Figure 5, column 3). On TRF2
inactivation, it was observed that although LIG4 deficiency
lowered 100-fold the telomere fusion frequency, this frequen-
cey was only lowered 10-fold by KU deficiency, leading the
authors to suggest that ‘a subset of telomere fusions require
DNA LIG4 but not KU (Celli et al, 2006). According to our
results, we rather believe that KU deficiency released the
inhibition of an alternative LIG4-independent EJ route, which
is otherwise blocked by KU in LIG4™ cells (Figure 5, columns
4 and 5), although it might be partially restrained in the
former case by persistent 3’ overhangs (Celli et al, 2006). It
would be interesting to perform TRF2 deletion with Cre in
LIG4™/~ versus LIG4*/+ MEFs together with KU inactivation
that may promote alternative EJ to some extent. The LIG4-
independent alternative EJ mechanism that we report here
may also account for spontaneous chromosomal end fusions
in the absence of KU or DNA-PKcs (Bailey et al, 1999; Hsu
et al, 1999, 2000; Samper et al, 2000; Gilley et al, 2001;
Goytisolo et al, 2001; d’Adda di Fagagna et al, 2001; Espejel
et al, 2004; Li et al, 2007) (Figure 5, column 2).

From our data, we speculate that chromosome stability
benefits from a local high density of DNA-PK at telomeres. In
case of fortuitous exposure of a blunt telomere end like at
post-replicative leading strand, DNA-PK could instantly
recognize and bind to this end; maintained in a kinase
inactive configuration by the shelterin components, it may
not initiate C-NHEJ while preventing aberrant EJ by alter-
native shelterin-insensitive mechanisms. This post-replica-
tive blockade of DNA-PK at blunt leading strand may only
be transient and reversed by some unknown mechanism
leading to DNA-PKcs release by phosphorylation and G-tail
generation by end processing. Indeed, DNA-PKcs activity is
required to maintain telomere stability (Bailey et al, 2004;
Williams et al, 2009).

Chromosome ends may be particularly at risk from ligation
by B-NHEJ as candidate components such as PARP-1 and
MREI1 also interact with TRF2 (Zhu et al, 2000; Gomez et al,
2006). This competition model could explain the DNA-PKcs-
and LIG4-independent fusions arising after telomere attrition
in telomerase-deficient mouse cells (Maser et al, 2007).
In this case, a lower local density of shelterin-associated
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DNA-PK at the shortened telomeres may compete less effi-
ciently with B-NHEJ proteins, which additionally may be
insensitive to shelterin hindrance at the telomere end, as
shown here. Accordingly, PARP-1 has been shown to accu-
mulate at eroded telomeres caused by telomerase deficiency
(Gomez et al, 2006).

In summary, we have used an EJ assay with plasmid DNA
and cell extracts under controlled conditions enabling either
C-NHEJ or B-NHEJ. We show that TRF2/RAP1 and DNA-PK
complexes sustain a dual protection at telomeres: TRF2/
RAP1 complex prevents C-NHEJ-mediated end fusion at the
initial DNA-PK end-binding step, whereas the DNA-PK
complex counteracts a potent B-NHEJ mechanism.

Materials and methods

Cell culture

All culture media were from Gibco-Invitrogen and were supple-
mented with 10% foetal calf serum, 2mM glutamine, 125U/ml
penicillin and 125pg/ml streptomycin. All cells were grown at
37°Cin a humidified atmosphere with 5% CO,. HeLa cells, from the
American Type Culture Collection, were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen). The LIG4-defective cell line,
N114P2 (Grawunder et al, 1998), and its parental cell line, Nalm-6
(gifts from MR Lieber, University of Southern California, Los
Angeles, CA, USA) were maintained in RPMI 1640 medium.

Antibodies

Mouse monoclonal antibodies anti-TRF2 (4A794), anti-KU80
(S10B1) and anti-DNA-PKcs (clone 18.2) were from Abcam, anti-
RAP1 (4C8/1) was from Sigma, anti-PARP (4C10-5) was from BD
Pharmingen and anti-KU (clone Ab3-162) and anti-DNA-PKcs
(clone 25.4) used for immuno-depletion were from Thermo
Scientific. DNA LIG4 (AHP554) polyclonal antibody was obtained
from Serotec. Rabbit serum anti-TRF2 used for immuno-depletion
was raised against full-length protein and was purified with HiTrap
Protein A HP (GE Healthcare). Rabbit serum anti-XRCC4 was raised
against full-length recombinant protein, produced in baculovirus
and was affinity purified.

Plasmid substrates and DNA probes

The scheme for the production of the plasmids and DNA fragments
used in this study is shown in Figure 1A. All the enzymes used for
pUCtelo2 (Amiard et al, 2007) or pBluescript-KS-II(—) restriction
were from Biolabs and used according to the manufacturer’s
instructions. Linearized plasmids (Figure 1A, tracks 1 and 2) were
purified by PCR and Gel Clean-Up System (Promega). Biotinylated
substrates (Figure 1A, tracks 2 and 3) were obtained by filling
linearized pUCtelo2 with Klenow exo-enzyme (Stratagene) and
biotinylated analogs biotin-21-dUTP and biotin-14-dATP (Clontech).
For generation of telomeric fragments (Figure 1A, track 3) plasmids
were further restricted, gel separated and fragments of interest were
purified from the gel slices with the Gel Clean-Up System (Promega)
followed by phenol/chloroform extraction and precipitation. Con-
trol non-biotinylated C and biotinylated fC 502 bp fragments were
amplified by PCR in a total volume of 20ul of HF Buffer
(Finnzymes), from 20ng of pBluescript-KS-1I(—), with 0.5uM
non-biotinylated (fragment C) or biotinylated (fragment fC) reverse
primer (GCGTTATCCCCTGATTCTGTGG), respectively, and 0.5 uM
forward primer (GGGCGAATTGGAGCTCCACC), 400uM dNTP
(Fermentas), 0.4 U Phusion Hot Start (Finnzymes) with annealing
temperature at 69°C and 35 cycles of amplification, and denatura-
tion and polymerization conditions as recommended by the
manufacturer.

EJ extracts

Cell extract preparation was carried out as described earlier (Buck
et al, 2006). Briefly, exponentially growing cells were lysed through
three freeze/thaw cycles in lysis buffer (25mM Tris-HCl pH 7.5,
333 mM KCl, 1.5mM EDTA pH 8.0, 4 mM DTT) containing protease
inhibitor cocktail (Roche Diagnostics), and phosphatase inhibitor
cocktails I and II (Sigma-Aldrich). Lysates were incubated at 4°C for
20min, cleared by centrifugation, and dialysed against dialysis
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buffer (20mM Tris-HCI pH 8.0, 100 mM potassium acetate, 20%
glycerol, 0.5mM EDTA pH 8.0, 1 mM DTT). Protein concentration
was determined using the Bradford assay (Bio-Rad) and EJ extracts
were stored at —80°C.

EJ assay

When necessary, extracts were pre-incubated with Nu7026 (Sigma-
Aldrich), blocking antibodies or purified KU protein as indicated for
10min at 4°C. Pretreated or mock-treated extracts (40pg) were
incubated for 2 h at 25°C in 10 pl reaction mixture containing 5ng
linearized plasmid in EJ buffer (50 mM triethanolamine pH 8.0,
0.5mM magnesium acetate, 1 mM dithiothreitol, 0.1 mg/ml BSA,
60 mM potassium acetate) with 1 mM ATP added at last to initiate
the reaction in the presence or not of 2mM B-NAD (Sigma-Aldrich)
when necessary. Standard conditions for B-NHEJ refer to conditions
as above except the presence of 3 mM magnesium acetate and 2 mM
B-NAD. Samples were then treated with 100 pg/ml RNAse A for
10min at 37°C and deproteinized. DNA ligation products were
separated in 0.7% agarose gels together with GeneRuler DNA
ladder mix (0.5-10kb, Fermentas) in one lane and stained with
SYBR-Green (Invitrogen). Fluorescence was detected and analysed on
a Typhoon fluorimager (Molecular Dynamics). Quantitative analysis
of the gel was performed with the ImageJ software (version 1.4).

Kinase assay

When necessary, extracts were pre-incubated with Nu7026 (Sigma-
Aldrich) for 10min at 4°C. DNA fragment as indicated (0.1 pmol)
was mixed with 2 pmol streptavidin (Sigma) in EJ buffer, incubated
for 10 min at RT and then mixed in 10 pl reaction volume with 10 ug
pretreated or mocked-treated EJ extract, 2.5ug DNA-PK peptide
substrate (Promega) and then 50pM ATP and 1pCi y**P-ATP
(Perkin-Elmer) added at last to initiate the reaction. Incubation was
for 20 min at 25°C. Samples were boiled in loading sample buffer for
10min and run on a 22% polyacrylamide denaturing gel. Auto-
radiography of the gel was processed with a Phosphorlmager
(Molecular Dynamics, Storm System TM). Quantitative analysis of
the gel was performed with the ImageQuant software (version 5.2).

Immuno-depletion

Immuno-depletion was carried out in a 65ul reaction volume
containing 20pl of protein A/G-PLUS agarose wet beads (Santa
Cruz Biotechnology), 1mg of EJ extract in EJ buffer, 10pg of
antibody or IgG control or 10ul of serum. After an overnight
incubation at 4°C under constant rotation, supernatant was
recovered by spinning, mixed with 20ul of beads as above,
incubated for 1h at 4°C and spun down again to remove the beads.
Sample aliquots were processed for western blotting and the
remaining extracts were frozen at —80°C until use.

Pull-down experiment

DNA fragment as indicated was incubated with high capacity
streptavidin agarose beads (Thermo-scientific) at the ratio 1 pmol/
10 ul wet beads in two-fold diluted phosphate-buffered saline (PBS)
buffer under agitation for 25 min at RT before washing in the same
buffer. Then, 40l wet beads were mixed with 80pug EJ extract
immuno-depleted with the indicated antibody in 80ul reaction
volume under kinase buffer conditions as above (except that the
peptide substrate and y*?P-ATP were omitted) and incubated for
25min at 25°C under agitation. The beads were washed rapidly
twice with either two-fold diluted or undiluted PBS buffer and then
processed for western blotting.

Western blotting

Protein samples were mixed with concentrated loading sample
buffer to 1X final concentration (50mM Tris-HCl pH 6.8, 10%
glycerol, 1% SDS, 300 mM 2-mercaptoethanol, 0.01 % bromophenol
blue), boiled, separated by SDS-PAGE (8% polyacrylamide) and
blotted onto Immobilon-P polyvinylidene difluoride membranes
(Millipore). Membranes were blocked for 1h with 5% dry milk in
PBS-T (PBS, 0.1% Tween-20 (Sigma-Aldrich)) and incubated for 1 h
with primary antibody diluted in PBS containing 0.02% Tween-20
and 1% bovine serum albumin (fraction V, Sigma-Aldrich). After
three washes with PBS-T, membranes were incubated for 1 h with
secondary antibodies in PBS containing 0.02% Tween-20 and 5%
dry milk. Membranes were washed five times with PBS-T and
immuno-blots were visualized by enhanced chemiluminescence
(ImmunofaxA, Yelen). When indicated, successive rounds of
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immuno-blotting were performed on the same membranes after
stripping (Restore Western Blot Stripping Buffer, Pierce).

Purification of KU protein complex

The ¢cDNAs of KU80 and the fusion construct His-KU70 were cloned
into pFastBacl vector (Invitrogen). Baculoviruses were produced
and amplified in Sf9 cells according to manufacturer’s procedures
(Invitrogen). For purification of KU70/KU80 complex, 11 of Sf9 cells
were grown in suspension in Insect-Xpress medium (BioWhittaker)
and inoculated with both His-KU70 and KU80 viruses at MOI of 10
and 15, respectively. After 72h incubation at 27°C, cells were
collected by centrifugation at 1500 g for 5 min at 4°C. The pellet was
washed twice with ice cold 1X PBS. Cells were lysed at 4°C for
30 min in Buffer A (50 mM Hepes-KOH pH 7.5, 10% glycerol, 2 mM
EDTA, 0.01% NP-40) containing 1 M NaCl. The lysate was clarified
by centrifugation at 175000 ¢ for 1 h at 4°C and adjusted to 100 mM
NaCl before loading onto a HiTrap-Q HP column (GE Healthcare).
Proteins were eluted with buffer A containing increasing concen-
tration of KCl. The presence of KU proteins was assessed by western
blot. Positive fractions were pooled, diluted in buffer A without
EDTA and adjusted to 500mM NaCl before loading onto a
Ni HiTrap Chelating HP column (GE Healthcare). After washing,
proteins were eluted with buffer A without EDTA and supplemented
with 100 mM NaCl and 150 mM imidazole. The presence and purity
of KU proteins was monitored by Coomassie blue staining. Positive
fractions were pooled, and proteins were concentrated and
equilibrated in storing buffer (50mM Tris-HCl pH 7.8, 100 mM
NaCl 10% glycerol) using Centricon-100 microconcentrator column
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