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V(D)J recombination is initiated by the RAG endonuclease, which introduces DNA double-strand breaks (DSBs) at the
border between two recombining gene segments, generating two hairpin-sealed coding ends and two blunt signal ends.
ATM and DNA-dependent protein kinase catalytic subunit (DNA-PKcs) are serine-threonine kinases that orchestrate the
cellular responses to DNA DSBs. During V(D)J recombination, ATM and DNA-PKcs have unique functions in the repair of
coding DNA ends. ATM deficiency leads to instability of postcleavage complexes and the loss of coding ends from these
complexes. DNA-PKcs deficiency leads to a nearly complete block in coding join formation, as DNA-PKcs is required to
activate Artemis, the endonuclease that opens hairpin-sealed coding ends. In contrast to loss of DNA-PKcs protein, here
we show that inhibition of DNA-PKcs kinase activity has no effect on coding join formation when ATM is present and its
kinase activity is intact. The ability of ATM to compensate for DNA-PKcs kinase activity depends on the integrity of three
threonines in DNA-PKcs that are phosphorylation targets of ATM, suggesting that ATM can modulate DNA-PKcs activity
through direct phosphorylation of DNA-PKcs. Mutation of these threonine residues to alanine (DNA-PKcs**) renders
DNA-PKcs dependent on its intrinsic kinase activity during coding end joining, at a step downstream of opening hairpin-
sealed coding ends. Thus, DNA-PKcs has critical functions in coding end joining beyond promoting Artemis endonuclease
activity, and these functions can be regulated redundantly by the kinase activity of either ATM or DNA-PKcs.

Antigen receptor genes are assembled in developing lympho-
cytes through the process of V(D)J recombination (1). The
V(D)J recombination reaction forms the second exon of these
genes from component variable (V), joining (J), and, at some loci,
diversity (D) gene segments. V(D)J recombination is initiated
when the RAG-1 and RAG-2 proteins, which together form the
RAG endonuclease, introduce DNA double-strand breaks (DSBs)
at the border of two recombining gene segments and their associ-
ated RAG recognition sequences, termed recombination signals
(RSs) (2). DNA cleavage by RAG results in two broken DNA ends
with distinct structures: a blunt signal end and a coding end that is
hairpin sealed by a phosphodiester bond connecting the top and
bottom strands (2). RAG cleavage occurs only after a synaptic
complex forms between two appropriate RSs, resulting in pairs of
signal and coding ends that are held in close proximity in a post-
cleavage complex (2).

RAG DSBs are repaired by nonhomologous end joining
(NHE]J), the major DNA DSB repair pathway in all G,-phase cells
(3-5). NHEJ normally joins two signal ends, forming a signal join,
and two coding ends, forming a coding join, which is essential for
completing antigen receptor gene assembly. Nonstandard joins
can also form through the rejoining of a signal end to a coding end
at one RAG DSB, creating an open-and-shut join, or through the
joining of signal and coding ends from distinct RAG DSBs, creat-
ing a hybrid join (3, 6, 7). The RAG proteins can catalyze the
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formation of these joins through a transposition reaction in vitro;
in vivo, however, the formation of these nonstandard joins de-
pends on NHE]J (8-12). In normal cells, the formation of these
nonstandard joins occurs rarely, presumably due to the architec-
ture of the postcleavage complex determined by the RAG proteins
and components of the NHEJ machinery.

The NHE] factors required for RAG DSB repair include
XRCC4, DNA ligase IV, the Artemis endonuclease, Ku70, Ku80
(also referred to as Ku86), and DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) (3, 5, 13). In addition, XRCC4-
like factor (XLF), also called Cernunnos, functions during
V(D)J recombination, but in lymphocytes this function is not
critical when other DSB repair proteins are present (3, 14-17).
DNA ligase IV, XRCC4, Ku70, and Ku80 are required for cod-
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ing and signal join formation. DNA-PKcs is a member of the
phosphatidylinositol 3-kinase-related protein kinases (PIKK)
and is activated by DNA DSBs to phosphorylate serines or thre-
onines followed by glutamine (SQ/TQ), thus regulating the
activity of many proteins involved in DNA damage responses
(18-20). Together, Ku70, Ku80, and DNA-PKcs form the
DNA-PK complex. Ku70 and Ku80 form a ring-like het-
erodimer that binds to DSBs soon after they are generated and
directly recruits DNA-PKcs, which takes up residence at the
apex of the broken DNA end (21-24). During V(D)]J recombi-
nation, DNA-PKcs promotes Artemis endonuclease activity,
which is required to open hairpin-sealed coding ends prior to
coding join formation (25, 26). As a result, DNA-PKcs-defi-
cient mice exhibit a severe block in lymphocyte development
(3). Activation of Artemis by DNA-PKcs in vitro depends both
on the association of these two proteins and on DNA-PKcs
kinase activity (25, 26).

The ataxia telangiectasia mutated (ATM) kinase is another
member of the PIKK family that is activated by RAG DSBs (3).
ATM functions to maintain coding ends in postcleavage com-
plexes until they can be joined. Although neither ATM nor DNA-
PKcs is absolutely required for signal join formation, one of these
kinases must be present and active, suggesting that ATM and
DNA-PKcs have common downstream phosphorylation targets
required for signal end joining (27-29). Indeed, ATM and DNA-
PKcs phosphorylate several common targets in response to DSBs
(30, 31). Moreover, while mice deficient in ATM or DNA-PKcs
are viable, those with a combined deficiency of ATM and DNA-
PKcs exhibit early embryonic lethality, further emphasizing the
importance of the shared activities of ATM and DNA-PKcs
(32, 33).

ATM and DNA-PKcs functions are regulated by autophos-
phorylation. ATM autophosphorylation converts inactive
ATM dimers into active monomers (34). DNA-PKcs autophos-
phorylation is not required for its kinase activity but is required
to regulate DNA-PKcs functions during DSB repair (18, 35). In
addition, DNA-PKcs is phosphorylated by ATM, which may
also regulate its function (18, 35). DNA-PKcs has many SQ/TQ
motifs, with the best-studied motifs being those that lie in close
proximity in the ABCDE (4 TQ and 2 SQ motifs, also referred
to as the T2609 cluster) and PQR (5 SQ motifs) clusters (18,
35). The differential phosphorylation of these clusters can have
diverse and sometimes opposing effects on DNA-PKcs kinase
activity, structure, and association with broken DNA ends (18,
35, 36).

In this study, our analyses of chromosomal V(D)]J recombi-
nation in lymphoid cells reveal that ATM and DNA-PKcs have
overlapping functions during coding join formation. These
functions depend on the phosphorylation of DNA-PKcs and
are critical for joining coding ends after the hairpins have been
opened by Artemis. These studies have important implications
for the function of ATM and DNA-PKcs in general NHE]J-
mediated DSB repair.

MATERIALS AND METHODS

Mice. All mice were housed in the specific-pathogen-free facility at Wash-
ington University. All animal protocols were approved by the Washington
University Institutional Animal Care and Use Committee.

Cell culture. v-abl-transformed pre-B cells were generated from 3- to
5-week-old mice by culturing bone marrow cells after transduction with
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the pMSCV v-abl retrovirus as described previously (37). v-abl-trans-
formed pre-B cells were infected with the pMX-DEL®, pMX-DELY, or
pMX-INV retroviral recombination substrate, and clones with single in-
tegrants were selected as previously described (37). DNA-PKcs™?4:
Atm™’~ and DNA-PKcs**?A:LigIV~/~ v-abl-transformed pre-B cells
were generated by transient expression of the Cre recombinase in DNA-
PRes* 34 Atm™ and  DNA-PKcs®/3:LigIV'*?/1oxP y_abl-transformed
pre-B cells, respectively (38, 39). Cells were electroporated with 1 g of
MSCV-IRES-Thyl.1-Cre plasmid DNA per 10° cells at 1,400 V for 20 ms
in 4 pulses, using a Neon transfection system (Invitrogen). Thyl.1-ex-
pressing cells were isolated using anti-Thyl.1 microbeads and magneti-
cally activated cell sorting (MACS) separation columns according to the
manufacturer’s instructions (Miltenyi Biotec). After limiting-dilution
culture, individual clones were assayed for Cre deletion by Southern blot-
ting as described below.

For RAG induction, v-abl-transformed pre-B cells were treated with 3
MM imatinib for the indicated times at 10° cells/ml. The abl pre-B cells
analyzed exhibited similar increases in RAG-1 and RAG-2 gene expres-
sion upon treatment with imatinib (data not shown). The ATM kinase
inhibitor KU55933 (50% inhibitory concentration [IC;,] = 12.9 nM;
Tocris) and the DNA-PKcs kinase inhibitors NU7026 (IC,, = 230 nM;
Sigma) and NU7441 (IC5, = 14 nM; Tocris) were used at 15 pM, 20 pM,
and 5 M, respectively (27). For analysis of responses to irradiation, v-
abl-transformed pre-B cells were treated with imatinib as described above
for 1 day prior to exposure to 6 Gy of gamma irradiation using a Gamma-
cell 40 instrument (Kirloskar Technologies).

Southern blotting. Native and denaturing (1.2% agarose and 1 M
urea) Southern blot analyses of V(D)J recombination of the retroviral
recombination substrates and the endogenous Igk locus were carried out
as previously described (27, 37, 40). Cre-mediated deletion of the Atm®
allele was assayed by Southern blotting of KpnI-digested DNA and the
ATM 3’ probe as previously described (39). Cre-mediated deletion of the
DNA ligase TV'**" allele was confirmed by Southern blotting of genomic
DNA digested with BamHI and BglII. The DNA ligase IV probe was gen-
erated by a PCR using the oligonucleotides 5'-AGGCTTGCTCAGACGC
TAGC-3' and 5'-CACAGCACTCCATTTAATGC-3'. The DNA ligase
IV and DNA ligase IV~ alleles yield 1.0-kb and 1.5-kb hybridizing
bands, respectively. Southern blot analyses of Eb:ZFN cleavage were car-
ried out on HindIII-digested genomic DNA hybridized to an Eb probe
generated by PCR amplification using the oligonucleotides 5'-GTTAAC
CAGGCACAGTAGGAC-3" and 5'-CCATGGTGCATACTGAAGGC-3'.

PCR analyses. TdT-assisted PCR of pMX-DEL® and Jk coding ends
was performed as previously described, except that for the Jk1 coding end
detection, the Jk double-stranded oligonucleotide 5'-GAAAATCATTCC
AACCTCTTGTGGGA-3" was used as a reverse primer and the Jk1 probe
oligonucleotide 5'-GGAGAGTGCCAGAATCTGGTTTCAG-3’ was used
as a probe (27, 40). PCR analyses of pMX-DEL®, pMX-INV, and VkJk
coding and hybrid joins were carried out as previously described, except
that 42 cycles of amplification were used for pMX-DEL hybrid joins
(37).

Western blot analysis. Whole-cell lysates were obtained using RIPA
buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1% Triton X-100,
1% deoxycholate, 5 mM EDTA) supplemented with protease inhibitors
(Sigma). Lysates were resolved in 6% to 10% acrylamide gels and trans-
ferred onto Immobilon polyvinylidene difluoride (PVDF) membranes
(Millipore). The primary antibodies anti-Kap-1 (GeneTex), anti-phos-
pho-Kap-1 (Bethyl), anti-phospho-H2AX (Millipore), anti-DNA-PKcs
(NeoMarkers), anti-poly(ADP-ribose) polymerase 1 (Calbiochem), and
antiactin (Bethyl) were used. Goat anti-mouse (Invitrogen) and donkey
anti-rabbit (Fisher) antibodies were used as secondary antibodies. Detec-
tion was carried out using a horseradish peroxidase (HRP) ECL detection
kit according to the manufacturer’s instructions (Thermo Scientific).

Flow cytometry. Flow cytometric analysis of green fluorescent protein
(GFP) expression was carried out using a BD FACSCalibur flow cytometer
(BD Biosciences) and Flow Jo 4.6.2 for Macintosh (Tree Star).
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FIG 1 DNA-PKGcs kinase inhibition does not block coding end joining. (A)
Schematic of the pMX-DEL® retroviral recombination substrate showing the
two RSs (open and filled triangles) flanking the GFP ¢cDNA in the antisense
orientation. The long terminal repeats (LTRs) are shown, as are the relative
positions of the EcoRV (E) restriction sites and C4b probe used for Southern
blot analysis. (B) Southern blot analysis of pMX-DEL® in wild-type (WT:
DELY) and DNA-PKcs-deficient (scid:DEL®’) abl pre-B cells that were un-
treated (0 days) or treated with imatinib for 2 or 4 days to induce V(D)]
recombination. Cells were also treated with vehicle (dimethyl sulfoxide
[DMSO]; —) or the DNA-PKcs kinase inhibitor NU7026 (a) or NU7441 (b).
Shown are the C4b-hybridizing EcoRV digest bands corresponding to unrear-
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ZFN assay. A pair of custom zinc finger nucleases (ZFN), Eb1:ZFN1
and Eb2:ZFN2, specific to a region of the mouse T cell receptor beta (Tcrb)
locus just downstream of the enhancer (Eb), were obtained (Sigma-Al-
drich). Eb1:ZEN1 recognizes the sequence 5'-GTCTGTCTGTCCTGC-
3, and Eb2:ZFN2 recognizes the sequence 5'-TGGCTGGCTTTCGCT-
3'. Each zinc finger is fused to a truncated Fokl nuclease. Eb:ZFN1 and
Eb:ZFN2 were cotransfected into v-abl-transformed pre-B cells treated
with imatinib as described above for 1 day, using a Neon transfection
system at 1,400 V for 15 msin 4 pulses. Transfected cells were divided into
two fractions, with one incubated in imatinib alone and the other in ima-
tinib and NU7026, as described above, for 2 days before cell lysis and
analysis by Southern blotting (see above) and Cel-I assay. The Cel-I assays
were carried out using a Surveyor mutation detection kit and the manu-
facturer’s protocol (Transgenomic). The genomic DNA was PCR ampli-
fied using ZFN primer F (5'-TAACCCCAACTCCAGTCACC-3’) and
ZFN primer R (5'-TGGATAGAGCAGGATTGGCT-3"), with the follow-
ing thermocycler program: 94°C for 2 min and then 26 cycles of 94°C for
15 s, 57°C for 30 s, and 68°C for 1 min, followed by 7 min at 68°C.
Heteroduplex formation was performed using 400 ng of PCR products
and the following thermocycler program: 95°C for 10 min, 85°C for 1 min,
75°C for 1 min, 65°C for 1 min, 55°C for 1 min, 45°C for 1 min, 35°C for
1 min, 25°C for 1 min, and a 4°C hold. One microliter of Surveyor nu-
clease was added and incubated for 1 h at 42°C, followed by agarose gel
electrophoresis.

RESULTS

Inhibition of DNA-PKcs kinase activity does not prevent coding
join formation. Chromosomal V(D)] recombination can be stud-
ied in vivo by using v-abl kinase-transformed murine pre-B cells,
referred to here as abl pre-B cells (3, 37). Inhibition of the v-abl
kinase by imatinib leads to G,-phase cell cycle arrest, RAG induc-
tion, and V(D)J recombination at the endogenous immunoglob-
ulin light chain kappa (Igk) locus and chromosomally integrated
retroviral V(D)] recombination substrates such as pMX-DEL®
(37, 41). pMX-DEL® has an antisense GFP cDNA flanked by a
pair of RSs that undergo V(D)] recombination by deletion, form-
ing a chromosomal coding join (Fig. 1A) (37).

After RAG induction with imatinib, wild-type abl pre-B
cells containing pMX-DEL® (WT:DEL®’) underwent robust
pMX-DEL® cleavage and coding join formation (Fig. 1B, 4-kb
fragment CJ) (37). As expected, RAG induction in DNA-PKcs-
deficient abl pre-B cells (scid:DELY) generated from scid mice
led to low levels of coding join formation and a significant
accumulation of unrepaired coding ends (Fig. 1B, 2-kb frag-
ment CE). In striking contrast, treatment of WT:DEL” abl
pre-B cells with the DNA-PKcs kinase inhibitor NU7026 or
NU7441 did not cause an accumulation of unrepaired coding
ends or an appreciable block in coding join formation (Fig.
1B). Phosphorylation of KAP-1 and H2AX (forming y-H2AX)
in response to ionizing radiation in Atm /" abl pre-B cells,
which depends on DNA-PKcs, was inhibited by NU7026, dem-
onstrating that NU7026 inhibits DNA-PKcs kinase activity in
abl pre-B cells (Fig. 1C) (30, 31). We conclude that a loss of

ranged pMX-DEL® (UR) and pMX-DEL® coding joins (CJ) and coding ends
(CE). AT cell receptor beta (TCRb) locus probe was used as a DNA loading
control. Molecular size markers (in kb) are shown. (C) Western blot analysis of
phosphorylated H2AX (y-H2AX) and KAP-1 (pKAP-1) in WT, Atm™’~, and
DNA-PKcs™?*:Atm™"~ abl pre-B cells treated with imatinib for 1 day, fol-
lowed by vehicle (DMSO; —) or NU7026 (+) and either no irradiation (IR)
(—) or 6 Gy irradiation (+). Actin is shown as a loading control.
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FIG 2 Redundant DNA-PKcs and ATM kinase activities during coding end joining. (A) Southern blot analysis of pMX-DEL®' rearrangement in
WT:DEL” and Atm ™/~ :DEL“ abl pre-B cells as described in the legend to Fig. 1B. (B) Schematic of pMX-INV retroviral recombination substrate with
components as described for pMX-DEL® in the legend to Fig. 1A. Unrearranged pMX-INV, coding ends, signal ends, a coding join, a signal join, and a
hybrid join are shown. The EcoRV (E) and Ncol (N) sites used for digestion are shown. (C) Southern blot analysis of pMX-INV in WT:INV and
Atm ™' :Atm P24 INV abl pre-B cells treated with imatinib and NU7026 (i-DNA-PKcs), as described in the legend to Fig. 1B. Genomic DNA was
digested with either EcoRV or EcoRV and Ncol and probed with the C4b probe (see panel B). Bands generated by unrearranged (UR) pMX-INV, coding

joins (CJ), hybrid joins (HJ), and coding ends (CE) are indicated.

DNA-PKcs protein, but not inhibition of DNA-PKcs kinase
activity, leads to a significant block in coding join formation.
ATM can compensate for loss of DNA-PKcs kinase activity
during coding end joining. Although the DNA-PKcs protein is
required for coding join formation, we reasoned that ATM kinase
activity may compensate for the inhibition of DNA-PKcs kinase
activity. Atm~’":DEL“ abl pre-B cells exhibit a partial block in
coding end joining, as evidenced by the accumulation of unre-
paired coding ends after RAG induction (Fig. 2A, 2-kb CE band)
(37). In contrast to the case with WT:DEL® abl pre-B cells, treat-
ment of Atm ™~/ :DEL® abl pre-B cells with DNA-PKcs kinase in-
hibitors led to a nearly complete block of pMX-DEL® coding join
formation and a marked accumulation of unrepaired coding ends
(Fig. 2A). This was not due to differences in DNA-PKcs levels, as
we previously demonstrated that DNA-PKcs is expressed at simi-
lar levels in wild-type and Atz '~ abl pre-B cells (27). To deter-
mine whether this reflects a requirement for ATM kinase activity,
we analyzed rearrangement of the pMX-INV retroviral recombi-
nation substrate in Atm ™~/ abl pre-B cells expressing Atm €254
(Atm™/ " :AtmTEP?394. INV abl pre-B cells) (Fig. 2B and C). pMX-
INV is identical to pMX-DEL®, except that one of the RSs has
been inverted so that rearrangement results in inversion of the
GFP cDNA and the formation of chromosomal signal and coding
joins (Fig. 2B). Atm™8P?59°4 has a single amino acid mutation that
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abrogates Atm kinase activity (42). Like Atm deficiency, expres-
sion of Atm™$P?5%°4 Jed to the accumulation of unrepaired pMX-
INV coding ends and the formation of pMX-INV hybrid joins
(Fig. 2C). However, treatment of Atm™' " AtmTEP?894INV abl
pre-B cells with NU7026 led to a dramatic increase in the accumu-
lation of unrepaired coding ends (Fig. 2C). We conclude that the
DNA-PKcs protein is required for coding join formation, while
DNA-PKcs kinase activity is dispensable when ATM is present and
active.

DNA-PKcs** kinase activity is required for coding joins.
Many SQ/TQ motifs in DNA-PKcs are autophosphorylated in
response to DNA DSBs. However, there are three TQ motifs in the
ABCDE cluster that can be phosphorylated by ATM or DNA-PKcs
in response to DNA DSBs (43, 44). Abl pre-B cell lines were gen-
erated from mice homozygous for the DNA-PKcs™ allele, in
which the threonines of these three TQ motifs have been mutated
to alanines (45). DNA-PKcs*” is expressed in DNA-PKcs**** abl
pre-B cells at levels comparable to those of DNA-PKcs in wild-
type abl pre-B cells (see Fig. S1 in the supplemental material).
DNA-PKcs® kinase activity is intact, as irradiated Atrn ™'~ :DNA-
PKcs**/3# abl pre-B cells exhibited phosphorylation of H2AX and
KAP-1 that was inhibited by NU7026 (Fig. 3A) (45). This is also in
agreement with previous studies demonstrating that DNA-PKcs
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FIG 3 Coding join formation is dependent on DNA-PKcs** kinase activity. (A) Western blot analysis of phosphorylated H2AX and KAP-1 in Atm™’~ and
Atm™/7:DNA-PKcs™?* abl pre-B cells as described in the legend to Fig. 1C. (B) Southern blot analysis of pMX-DEL rearrangement in WT:DELY and
DNA-PKcs™*?*:DELY abl pre-B cells as described in the legend to Fig. 1B. (C) Southern blot analysis of Igk locus rearrangement in WT, Artemis-deficient
(Art /"), and DNA-PKcs**?* abl pre-B cells. A schematic of the Igk locus is shown with 3 of the approximately 250 Vk gene segments, the 4 functional Jk gene
segments, and the Ck exon (not to scale). The relative positions of the Sacl and EcoRI sites and the JKIII probe are also shown, as are schematics for the Sacl and
EcoRI digest JKIIT probe-hybridizing fragments for the germ line (GL) Igk locus and the Jk1, Jk2, Jk3, and Jk4 coding ends (CE). Sacl and EcoRI digest JKIII
probe-hybridizing fragments from VJk rearrangements vary in size (generating a hybridizing smear in the lane) depending on the Vk and Jk gene segments that
are used, as shown in Fig. 2C. (D) Western blot analysis of phosphorylated H2AX and KAP-1in WT'and DNA-PKcs™*?** abl pre-B cells as described in the legend

to Fig. 1C.

proteins with different ABCDE cluster SQ/TQ mutations have
robust kinase activity (46).

After RAG induction, DNA-PKcs****:DEL” abl pre-B cells
readily formed pMX-DEL® coding joins similarly to WT:DEL”
abl pre-B cells (Fig. 3B). In striking contrast to WT:DELY abl
pre-B cells, however, treatment of DNA-PKes*?4DELY abl
pre-B cells with NU7026 led to a significant block in coding join
formation and accumulation of unrepaired pMX-DEL® coding
ends (Fig. 3B). Analysis of the endogenous Igk locus yielded sim-
ilar findings (Fig. 3C). Induction of RAG in WT abl pre-B cells led
to robust Vk-to-Jk rearrangement at the endogenous Igk locus, as
evidenced by Southern blotting revealing hybridizing bands of
diverse sizes from rearrangements between approximately 250 Vk
gene segments and the 4 functional Jk gene segments in the mouse
Igk locus (Fig. 3C; VkJk rearrangements form a hybridizing
smear). Induction of RAG in DNA-PKcs™?* abl pre-B cells
yielded similar results (Fig. 3C). However, upon addition of
NU7026, discrete bands reflecting unrepaired Jk coding ends sim-
ilar in size to those observed in Artemis-deficient (Art /") abl
pre-B cells were clearly visible for DNA-PKcs™/** but not WT abl
pre-B cells (Fig. 3C). ATM kinase activity is intact in DNA-
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PKcs™/3# abl pre-B cells, as evidenced by H2AX and KAP-1 phos-
phorylation in response to ionizing radiation in WT and DNA-
PKcs™3* abl pre-B cells treated with NU7026 (Fig. 3D). We
conclude that ATM cannot compensate for the kinase function of
DNA-PKcs** during coding end joining, suggesting that ATM
regulates DNA-PKcs activity in RAG DSB repair by phosphory-
lating one or more of the TQ motifs that are mutated in DNA-
PKcs™.

DNA-PKcs functions downstream of opening hairpin-sealed
coding ends. We wanted to determine whether DNA-PKcs** ki-
nase activity is required to promote opening of hairpin-sealed
coding ends, which is a critical function of DNA-PKcs during
coding join formation. To this end, the DNA end structure was
analyzed by TdT-assisted PCR (Fig. 4A; see Fig. S2 in the supple-
mental material) (40). TdT adds a poly(A) tract to open but not
hairpin-sealed DNA ends, and this poly(A) tract can be used for
PCR amplification (Fig. 4A; see Fig. S2). LigIV~/~ abl pre-B cells
have a block in coding join formation, but the unrepaired coding
ends have open hairpins due to the activity of Artemis. These open
pMX-DEL® and Jk coding ends were readily amplified from
LigIV~"":DEL abl pre-B cells (Fig. 4B and C). In contrast, very
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low levels of products were observed in Artemis-deficient abl
pre-B cells (Art’:DELY), in which coding ends are predomi-
nantly hairpin sealed (Fig. 4B and C). Analysis of pMX-DEL® and
Jk coding ends in DNA-PKcs****:DELY abl pre-B cells treated
with NU7026 revealed robust TdT-assisted PCR products indica-
tive of open hairpins (Fig. 4B and C).

Coding end structure was also analyzed by denaturing South-
ern blot analyses (Fig. 4D; see Fig. S3 in the supplemental mate-
rial) (40). After restriction enzyme digestion and denaturation,
open coding ends form single-stranded DNA fragments that mi-
grate at a lower molecular weight than the native duplex (see Fig.
S3). However, hairpin-sealed coding ends cannot be denatured
into single-stranded components due to the phosphodiester bond
connecting the top and bottom strands (see Fig. S3). Thus, dena-
tured hairpin-sealed coding ends migrate at the same molecular
weight as that of the native duplex (see Fig. S2 in the supplemental
material). As expected, denaturing Southern blot analysis revealed
that most of the unrepaired pMX-DEL” coding ends in Art™/":
DEL® abl pre-B cells were hairpin sealed, whereas those in LiglV~/":
DEL® abl pre-B cells were primarily open (Fig. 4D; see Fig. S3).
Analyses of coding ends in DNA-PKcs™?*:DEL” abl pre-B cells
treated with NU7026 revealed that most had open hairpins (Fig.
4D). These findings demonstrate that inhibition of the kinase ac-
tivity of DNA-PKcs®® does not prevent the opening of hairpin-
sealed coding ends. Thus, we conclude that DNA-PKcs has func-
tions in joining open coding ends that are compromised by the TQ
motif mutations in DNA-PKcs™.

DNA-PKcs** exhibits defects in general NHEJ-mediated
DSB repair. As DNA-PKcs® kinase activity is required to join
open coding ends, we reasoned that this mutation may affect a
general function of DNA-PKcs in the repair of DNA ends that are
not hairpin sealed. We first determined whether DNA-PKcs™/?*
abl pre-B cells exhibit defects in the joining of blunt signal ends.
pMX-DELY is identical to pMX-DEL®, except that the RSs have
been inverted, such that rearrangement leads to a chromosomal
signal join (Fig. 5A). Robust signal join formation was observed
after RAG induction in DNA-PKcs***:DELY abl pre-B cells,
whereas inhibition of DNA-PKcs kinase activity in these cells led
to a severe block in signal join formation (Fig. 5B). Inhibition of
DNA-PKcs kinase activity had no effect on signal joining in WT:

FIG4 Coding ends have open hairpins after inhibition of DNA-PKcs** kinase
activity. (A) Schematic of TdT-assisted PCR. Shown are open and hairpin-
sealed coding ends. TdT adds poly(A) to open but not hairpin-sealed coding
ends. The T17 forward primer is shown with the reverse primer specific for
either the pMX-DEL® or Jk1 coding end. These primers amplify products
from open coding ends where poly(A) has been added. (B and C) TdT-assisted
PCRs of pMX-DEL® (B) and Jk1 (C) coding ends in Art~/~, LigIV~'", and
DNA-PKcs*** abl pre-B cells treated with NU7026 (+ i-DNA-PKcs).
Genomic DNA from cells treated with imatinib for 4 days was incubated with
dATP, with (+) or without (—) TdT, followed by PCR amplification as shown
in panel A. PCR amplification was performed on 5-fold dilutions of genomic
DNA treated with TdT and the single highest level of genomic DNA not treated
with TdT. Interleukin-2 (IL-2) gene PCR on 5-fold genomic DNA dilutions is
shown as a DNA loading control. (D) Denaturing Southern blot analysis of
pMX-DEL® coding ends was carried out on genomic DNA that was digested
with EcoRI and probed with C4b (Fig. 1A). Art~/":DELY, LigIV—'":DELY,
and DNA-PKcs*?4:DEL abl pre-B cells not treated (—) or treated with ima-
tinib for 2 days (+), in the presence (+) or absence (—) of the DNA-PKcs
inhibitor NU7026 (i-DNA-PKcs), were assayed. The hybridizing bands repre-
senting unrearranged pMX-DEL® and a pMX-DEL®’ coding join are shown,
as are bands from hairpin-sealed and open coding ends.
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DELY abl pre-B cells. Thus, DNA-PKcs** kinase activity is re-
quired for the joining of blunt signal ends.

In order to assay DSBs other than those generated by RAG
cleavage, we assayed chromosomal DSBs generated by Fok-1
zinc finger endonuclease fusion proteins targeted to sequences
in the T cell receptor beta (Tcrb) locus, which we refer to as
Eb:ZFN proteins (see Fig. S4 in the supplemental material).
Eb:ZFN targets a sequence immediately 3" of the Tcrb enhancer
(Eb) (Fig. 6A). Transient expression of Eb:ZFN results in Fok-1
cleavage at Eb, creating a DSB with broken DNA ends having
4-bp 5' single-stranded overhangs. These DNA ends were read-
ily observed by Southern blotting after transient expression of
Eb:ZFN in LigIV~’" abl pre-B cells (Fig. 6B). In WT and DNA-
PKcs**?# abl pre-B cells, DNA DSBs are generated by Eb:ZFN
expression, as evidenced by the Cel-I assay, which measures
imprecise NHE]J-mediated DSB repair after DNA cleavage at
the target site (Fig. 6C and D). However, in WT and DNA-
PKcs**?* abl pre-B cells, these DSBs are all rapidly repaired, as
there were no detectable DNA ends (Fig. 6B). Treatment of WT
abl pre-B cells with NU7026 had no effect on the repair of
Eb:ZFN-induced chromosomal DNA DSBs (Fig. 6B). How-
ever, treatment of the DNA-PKcs™?* abl pre-B cells with
NU7026 led to the accumulation of unrepaired DSBs, similar to
what was observed in LigIV~ '~ abl pre-B cells (Fig. 6B). We
conclude that DNA-PKcs® kinase activity is required for
DNA-PKcs function in rejoining broken DNA ends during
general NHE]-mediated DSB repair.

DNA-PKcs®* catalyzes aberrant DNA end joining during
V(D)J recombination. DNA-PKcs™**:DEL” abl pre-B cells ex-
hibited a low but highly reproducible increase in the fraction of
GFP-expressing cells after RAG induction compared to WT:
DELY abl pre-B cells (Fig. 7A). The pMX-DEL” GEP cDNA is
inverted and expressed only if both coding ends are aberrantly
joined to the signal end at the opposite RAG DSB, forming two
hybrid joins (Fig. 7B). Indeed, PCR analysis revealed that pMX-
DEL® hybrid joins formed in DNA-PKcs™*?*:DELY but not WT:
DELY abl pre-B cells (Fig. 7C). pMX-DEL” hybrid joins can be
recleaved by RAG, leading to pMX-DEL® coding join formation
and an underestimate of hybrid joining in DNA-PKcs™/?* abl
pre-B cells (Fig. 7B). To determine the frequency of hybrid join
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formation, we generated DNA-PKes* P4 INV abl pre-B cells. The
aberrant joining of a pMX-INV signal end at one RAG DSB to the
coding end at the other forms a single chromosomal hybrid join
that cannot be recleaved by RAG (Fig. 2B). Thus, any pMX-INV
hybrid joins formed will be “trapped,” allowing for the accurate
quantification of hybrid join formation. Southern blot analysis of
DNA-PKcs™*?*:INV abl pre-B cells after RAG induction revealed
robust pMX-INV hybrid join formation, comprising about 30%
of total joins (coding and hybrid) (Fig. 8A to C). In contrast,
pMX-INV hybrid joins were not observed by either PCR or South-
ern blotting after RAG induction in WT:INV abl pre-B cells (Fig.
8A to C). Hybrid join formation was also observed during Vk-
to-Jk rearrangement at the endogenous Igk locus in DNA-
PKcs**3* but not WT abl pre-B cells (Fig. 8D) and splenic B cells
(Fig. 8E). Hybrid joins were not found in DNA-PKcs™?*:LiglV /"
INV abl pre-B cells, demonstrating that they are formed by NHE]J,
not RAG-mediated transposition (Fig. 8F). Thus, although RAG
DSBs are rapidly repaired in DNA-PKcs*** abl pre-B cells, cod-
ing ends are frequently aberrantly joined to signal ends, forming
nonfunctional hybrid joins.

DISCUSSION

Prior studies have established that ATM and DNA-PKcs have
unique functions during coding end joining (3, 28). ATM pro-
motes the stability of coding ends in postcleavage complexes,
and DNA-PKcs activates Artemis to open hairpin-sealed cod-
ing ends. Here we show that ATM and DNA-PKcs have addi-
tional functions during coding join formation that are regu-
lated by the kinase activity of either of these proteins,
suggesting that ATM and DNA-PKcs phosphorylate common
targets required for coding end joining. Inhibition of DNA-
PKcs kinase activity has no demonstrable effect on coding end
joining in cells where ATM is present and active. In contrast,
inhibition of DNA-PKcs** kinase activity leads to a severe
block in coding end joining when ATM is present and active.
Thus, the TQ motifs that are mutated in DNA-PKcs*® must be
intact for ATM kinase activity to compensate for the loss of
DNA-PKcs kinase activity during coding end joining.

What are the common targets of ATM and DNA-PKcs that
are important for coding join formation? It is possible that
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ATM is prevented from phosphorylating proteins other than
DNA-PKcs in DNA-PKcs**?* abl pre-B cells. However, the
three TQ motifs mutated in DNA-PKcs** are ATM targets,
suggesting that ATM can regulate coding end joining through
the direct phosphorylation of DNA-PKcs (43, 44). The ATM-
mediated phosphorylation of these TQ motifs may have regu-
latory effects similar to those of the autophosphorylation of
other DNA-PKcs SQ/TQ motifs. In this regard, there are three
other SQ/TQ motifs in the ABCDE cluster of DNA-PKcs. Thus,
ATM-mediated phosphorylation of the three TQ motifs mu-
tated in DNA-PKcs** and autophosphorylation of other
SQ/TQ motifs in the ABCDE cluster may provide similar
thresholds of ABCDE cluster phosphorylation needed to regu-
late specific DNA-PKcs functions in DSB repair (18, 35). It is
also possible that autophosphorylation of other SQ/TQ motifs
in DNA-PKcs has effects on DNA-PKcs function similar to
those of phosphorylation of the TQ motifs mutated in DNA-
PKcs™.

The loss of DNA-PKcs in vivo leads to a block in coding end
joining even when ATM is present. Indeed, DNA-PKcs, but not
ATM, activates Artemis endonuclease activity in vitro (25, 26).
However, whether ATM can activate Artemis in vitro when DNA-
PKcs is present but its kinase function is inactivated was not de-
termined. In this regard, we found that inhibition of DNA-PKcs
kinase activity in abl pre-B cells has no effect on coding join for-
mation when ATM is present and active. Thus, opening of hair-
pin-sealed coding ends by Artemis in vivo relies on the presence of
the DNA-PKcs protein and either ATM or DNA-PKcs kinase ac-
tivity, likely due to the ability of ATM to phosphorylate DNA-
PKcs and/or Artemis. Notably, this would have to be at sites other
than the three TQ motifs mutated in DNA-PKcs™, as unrepaired
coding ends in DNA-PKcs™/?* abl pre-B cells treated with a DNA-
PKcs kinase inhibitor are open.

In addition to the DNA-PKcs mutation in SCID mice, natu-
rally occurring equine and canine DNA-PKcs mutations have
been described, as have DNA-PKcs mutations in cell lines selected
for DSB repair defects (47-56). These different DNA-PKcs muta-
tions have various effects on V(D)] recombination, with most
affecting coding join formation and some affecting both signal
and coding join formation. Some of the DNA-PKcs mutations
lead to diminished kinase activity, but this is usually coupled with
reduced DNA-PKcs protein expression; thus, the defects in V(D)]
recombination in cells expressing these mutants could be due to
alterations in DNA-PKcs kinase activity, protein level, or both.
DNA-PKcs point mutants that have disrupted kinase activity but
are expressed at normal levels have been generated (57, 58). Cells
expressing these mutants are defective in the ability to repair RAG
DSBs generated on extrachromosomal plasmid V(D)] recombi-
nation substrates (57, 58). This is in contrast to our findings,
which suggest that if ATM is present and active, it will compensate

NHEJ-mediated repair of Eb-ZFN DSBs can lead to nucleotide loss (boxes).
PCR amplification across the Eb-ZFN site followed by denaturation and rean-
nealing will lead to mismatches that can be cleaved by Cel-I. The level of Cel-1
cleavage is an underestimate of Eb:ZFN cleavage, as it detects only Eb:ZFN
DSBs that have nucleotide deletions upon repair. (D) Cel-I assay of DNA
samples from panel B. Full-length and Cel-I-digested products are shown.
Note that there were no Cel-I products in the LigIV~"" cells or the DNA-
PKcs*?4 abl pre-B cells treated with NU7026 (+; i-DNA-PKcs), as the Eb:
ZFN DSBs generated in these cells were not repaired (see panel B).
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FIG 7 Hybrid join formation during deletional rearrangements in DNA-
PKcs** abl pre-B cells. (A) Flow cytometric analysis of WT:DEL® and
DNA-PKcs**:DELY abl pre-B cells either untreated or treated with ima-
tinib for 4 days. GFP expression (y axis) and forward scatter (FSC; x axis)
are shown. (B) Schematic of pMX-DEL® as described in the legend to Fig.
1A. Shown is the resolution of pMX-DEL®’ RAG DSBs as a coding join or
two hybrid joins that lead to expression of GFP. Also shown is how pMX-
DEL® with two hybrid joins can be recleaved by RAG and repaired to form
a codingjoin. (C) PCR analysis of pMX-DEL® hybrid join (HJ) and coding
join (CJ) formation, using oligonucleotide primers pA plus pB and pC plus
pB, shown in panel B. PCR was carried out on 5-fold dilutions of genomic
DNA from cells treated with imatinib for 4 days. IL-2 gene PCR is shown as
a control.

for mutations that inactivate DNA-PKcs kinase activity. It is pos-
sible that DNA-PKcs inhibitors permit a low level of kinase activ-
ity that, along with ATM activity, can promote normal coding end
joining. It has been suggested that V(D)] recombination on ext-
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rachromosomal plasmid substrates requires minimal DNA-PKcs
kinase activity (57). However, it is also possible that the mutations
that inactivate DNA-PKcs kinase activity have additional effects
on DNA-PKcs functions required for RAG DSB repair (57, 58). In
this regard, some of these mutants exhibit defects in coding and
signal join formation, whereas others are defective only in coding
join formation (57, 58). Finally, it is possible that RAG DSBs gen-
erated on extrachromosomal plasmid substrates cannot activate
ATM and thus rely on DNA-PKcs kinase activity for joining. In-
deed, no differences were observed in comparing V(D)]J recombi-
nation of extrachromosomal plasmid substrates in wild-type and
ATM-deficient fibroblasts, whereas ATM deficiency clearly leads
to defects in the repair of chromosomal RAG DSBs in lymphoid
cells (3, 37, 59).

The coding ends that accumulate in DNA-PKcs**?# abl
pre-B cells treated with DNA-PKcs kinase inhibitors have open
hairpins, indicating that DNA-PKcs has functions during cod-
ing end joining in addition to promoting Artemis activity. In-
deed, the kinase activity of DNA-PKcs** is also important for
joining blunt signal ends and chromosomal DSBs with 4-bp
overhangs generated by a zinc finger nuclease fusion protein.
Thus, the defect in RAG DSB repair in DNA-PKcs**34 abl
pre-B cells reflects a function of DNA-PKcs in general DSB
repair. After recruitment by Ku70/80, DNA-PKcs binds at the
apex of the broken DNA ends and must dissociate from these
DNA ends before they can be joined (18, 35). Mutations in
DNA-PKcs that promote its retention at broken DNA ends,
such as mutations of several of the SQ/TQ motifs of the ABCDE
cluster, inhibit DSB repair (60). Thus, it is possible that ATM-
mediated phosphorylation of the TQ motifs mutated in DNA-
PKcs™ or the autophosphorylation of other ABCDE cluster
SQ/TQ motifs functions similarly to promote the dissociation
of DNA-PKcs from broken DNA ends.

In addition to their role in promoting the overlapping activities
of ATM and DNA-PKcs during coding end joining, our findings
suggest that phosphorylation of the TQ motifs mutated in DNA-
PKcs™ regulates unique DNA-PKcs activities during DSB repair.
Although RAG DSBs are efficiently repaired in DNA-PKes™/?* abl
pre-B cells, they are frequently misrepaired, with coding ends li-
gated to signal ends, forming hybrid joins. These hybrid joins are
formed by NHE], as evidenced by their dependence on DNA ligase
IV. Hybrid join formation is also observed in cells that express
truncated RAG proteins or are deficientin ATM or components of
the Mrell-Rad50-Nbsl (MRN) complex, which is required to
recruit ATM to DSBs (12, 37, 61, 62). Increased hybrid join for-
mation in these settings is observed only during inversional rear-
rangements, possibly due to instability of the postcleavage com-
plex. In contrast, hybrid join formation in DNA-PKcs™** abl
pre-B cells is also observed during deletional rearrangements. In
this case, two chromosomal hybrid joins must be generated in
order for these cells to express GFP, making it unlikely that the
mechanistic basis of hybrid join formation is instability of the
postcleavage complex.

DNA-PKcs could function to appropriately pair DNA ends in
the RAG postcleavage complex, with DNA-PKcs** being defective
in this function. DNA-PKcs could promote the activity of RAG or
other NHE] proteins to appropriately pair and join RAG DSBs in
the postcleavage complex. However, DNA-PKcs could also have
direct functions in the pairing of DNA ends generated by RAG
cleavage. In this regard, DNA-PKcs can form dimers upon bind-
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FIG 8 Hybrid join formation during inversional rearrangements in DNA-PKcs**** abl pre-B cells. (A) Southern blot analysis of pMX-INV in imatinib-treated
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with the C4b probe. Bands generated by unrearranged (UR) pMX-INV or a coding end (CE) overlap in size and are indicated. Also indicated are bands from a
pMX-INV coding join (CJ) and hybrid join (HJ). (B) Quantification of hybrid join formation as a percentage of total (coding plus hybrid) joining in three
independently derived WT:INV and DNA-PKcs**?*:INV abl pre-B cell lines treated for 4 days with imatinib. (C) PCR analysis of pMX-INV hybrid join
formation in genomic DNA from cells treated with imatinib for 4 days, using oligonucleotide primers pC and pB. (D and E) PCR analysis of Igk locus
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of genomic DNA, and IL-2 gene PCR is shown as a DNA quantity control. (F) Southern blot analysis of pMX-INV rearrangement in DNA-PKes™**4:.INV and

DNA-PKcs**?*:LigIV~'~:INV abl pre-B cells as described for panel B.

ing to DNA in vitro (63, 64). Notably, DNA-PKcs dimer structure
is influenced by the structure of the bound DNA end (64). Thus, if
DNA-PKcs forms dimers when bound to DNA in vivo, these
dimers may serve to appropriately pair hairpin-sealed coding ends
and blunt signal ends for joining in the RAG postcleavage com-
plex.
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