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ABSTRACT

As its name implies, the DNA dependent protein ki-
nase (DNA-PK) requires DNA double-stranded ends
for enzymatic activation. Here, I demonstrate that
hairpinned DNA ends are ineffective for activating
the kinase toward many of its well-studied sub-
strates (p53, XRCC4, XLF, HSP90). However, hair-
pinned DNA ends robustly stimulate certain DNA-PK
autophosphorylations. Specifically, autophosphory-
lation sites within the ABCDE cluster are robustly
phosphorylated when DNA-PK is activated by hair-
pinned DNA ends. Of note, phosphorylation of the
ABCDE sites is requisite for activation of the Artemis
nuclease that associates with DNA-PK to mediate
hairpin opening. This finding suggests a multi-step
mechanism of kinase activation. Finally, I find that all
non-homologous end joining (NHEJ) defective cells
(whether deficient in components of the DNA-PK
complex or components of the ligase complex) are
similarly deficient in joining DNA double-stranded
breaks (DSBs) with hairpinned termini.

INTRODUCTION

The DNA-PK holoenzyme is comprised of three polypep-
tides: a regulatory subunit, the DNA end-binding, Ku het-
erodimer (Ku70 and Ku86) and the large catalytic subunit,
DNA-PKcs (1–3). Activation of DNA-PK is exquisitely de-
pendent on the presence of DNA double-stranded ends,
that upon Ku binding, promote the association of DNA-
PKcs, facilitating kinase activation (1–3). DNA-PKcs also
interacts tightly with and phosphorylates the Artemis nu-
clease (4,5). Artemis’s nuclease activity is completely depen-
dent on specific DNA-PKcs autophosphorylations at six,
functionally redundant sites spanning residues 2609–2647
(ABCDE cluster) within a disordered region of the protein
(6–8). ABCDE phosphorylation likely induces a conforma-
tional change that relieves Artemis’s autoinhibition that is
mediated by a non-catalytic C-terminal domain of Artemis

(7,9,10). However, to date, no biological impact has been
ascribed to phosphorylation of Artemis.

DNA ends with hairpinned termini are generated as cod-
ing joint intermediates during the process of VDJ recom-
bination (11), the site-specific recombination process of
developing lymphocytes that provides for a virtually in-
finite repertoire of antigen binding receptors (12). These
hairpinned DNA ends are opened, processed, and ulti-
mately joined exclusively by the non-homologous end-
joining pathway (NHEJ) (13). The NHEJ specific pro-
tein complex that includes the DNA-PK holoenzyme and
Artemis is responsible for both the initial ‘opening’ and
further trimming of hairpinned termini so that the DNA
ends can subsequently be joined by NHEJ’s ligase complex,
XRCC4 and DNA ligase IV (4).

It would seem intuitive that hairpinned ends (that are
opened by DNA-PK/Artemis) would activate DNA-PK.
This issue has been addressed previously. Lu et al. con-
cluded that hairpinned DNA ends activate DNA-PK to
phosphorylate itself and Artemis, facilitating hairpin open-
ing (14), whereas earlier reports from Chu and colleagues
concluded that hairpinned termini completely fail to acti-
vate the kinase, using a p53 peptide as a model substrate
(15). Finally, Soubeyrand et al. concluded that structured
single strands including hairpinned double-stranded ends
activated autophosphorylation of DNA-PK (resulting in ki-
nase inhibition), which in turn, blocked efficient phospho-
rylation of many heterologous substrates because of the in-
hibition of DNA-PK activity (16). These results might sug-
gest that hairpinned DNA termini only selectively activate
DNA-PK; no such ‘selective’ activation has been suggested
in previous studies of DNA-PK activation.

The TelN protelomerase (from phage N15) cuts double
stranded DNA at a 56-bp cleavage site leaving covalently
closed ends at both termini (17). We have recently exploited
this novel restriction endonuclease to assess joining of hair-
pinned DNA ends in living cells (18). An important caveat
of studying the properties of DNA with hairpinned ter-
mini is preparation of DNA moieties that uniformly have
covalently closed termini. Here I utilize the TelN restric-
tion endonuclease to assess DNA-PK kinase activation in
vitro. I find that TelN restricted DNA efficiently activates

*To whom correspondence should be addressed. Tel: +1 517 884 5361; Email: kmeek@msu.edu

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

http://orcid.org/0000-0002-0454-4414


Nucleic Acids Research, 2020, Vol. 48, No. 16 9099

autophosphorylation of DNA-PK at T2609, a site within
the ‘ABCDE’ autophosphorylation cluster. Previous stud-
ies have demonstrated that ABCDE phosphorylation pro-
motes end processing (6,19), and that ABCDE phospho-
rylation is requisite for Artemis nuclease activity both in
vitro and in living cells (7). Thus, activation of ABCDE
autophosphorylation would be completely consistent with
the study of Lieber and colleagues that concluded that
hairpinned DNA activates DNA-PK autophosphorylation
and Artemis nuclease activity (14). Unlike ABCDE phos-
phorylation, I find that TelN restricted DNA minimally
induces autophosphorylation of S2056, a site within the
‘PQR’ autophosphorylation cluster. Phosphorylation of the
PQR sites limits end processing (19). Moreover, TelN re-
stricted DNA fails to activate DNA-PK dependent phos-
phorylation of a variety of other substrates including p53,
XRCC4, XLF and Hsp90. Thus, these data are also com-
pletely consistent with the study from Chu and colleagues
(15) who concluded that hairpinned DNA does not activate
DNA-PK to facilitate phosphorylation of p53. In sum, data
presented here serve to clarify an important aspect of the
NHEJ mechanism: how NHEJ is initiated by the activation
of DNA-PK. Moreover, the observation of partial kinase
activation suggests a multi-step process of kinase activation
that fits well with previous studies from both my labora-
tory and others suggesting an allosteric mechanism for ac-
tivation of DNA-PK (20,21), a multi-step process of kinase
function (8).

Finally, I find that all non-homologous end joining
(NHEJ) defective cells (whether deficient in components
of the DNA-PK complex or components of the ligase
complex) are similarly deficient in joining DNA double-
stranded breaks (DSBs) with hairpinned termini. These
data are consistent with previous biochemical studies that
suggest that DNA end processing during NHEJ (22–25)
requires the presence of downstream components of the
NHEJ complex.

MATERIALS AND METHODS

Plasmids, cell culture and cell strains

293T cells were cultured in Dulbecco’s modified Eagle’s
medium (Life Technologies) supplemented with 10% fe-
tal bovine serum (Atlanta Biologicals, GA, USA), 2 mM
L-glutamine, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, 100 U/ml penicillin, 100 �g/ml strep-
tomycin (Life Technologies) and 10 �g/ml ciprofloxacin.
293T cells ablated for DNA-PKcs, XLF, or both XRCC4
and XLF have been described previously (26) and were
validated both by Sanger sequencing and immunoblotting.
Three different commercially available anti-Artemis anti-
bodies failed to consistently detect endogenous Artemis in
293T cells. To validate ablation of Artemis, Sanger sequenc-
ing across the gRNA target site revealed small frame shift
deletions in both alleles of both Artemis clones utilized.
Artemis expression plasmids were constructed by insert-
ing a full-length Artemis cDNA into pcDNA6 (Thermo-
Fisher). A nuclease deficient Artemis expression construct
was generated by synthesizing (IDT) and then subcloning
a BamHI–EcoRV fragment that includes H35A and D37N
mutations that ablate nuclease function. Artemis ablation in

293T cells was confirmed by functional complementation of
VDJ coding joining in episomal assays (Supplemental Fig-
ure S1). A fluorescent I-Sce1 NHEJ, VDJ signal and cod-
ing reporters have been described previously (26) and are
derived from pECFP-N1 (Clontech). The I-Sce1 substrate
was modified to replace dsRED with the Crimson version
of RFP, and to replace cyan fluorescent protein with the
ZsGreen version of GFP. The TelN substrate was gener-
ated by ligating double-stranded oligonucleotides includ-
ing TelN sites into HindIII/SalI and BamHI/XmaI sites
that flank the two I-SceI sites which flank Crimson in the
I-SceI reporter substrate (Figure 1A). The recombination
cassette of the TelN Crimson/ZsGreen substrate was cloned
into pmSCV-puro to generate a retroviral version of the
substrate. TelN and I-SceI expression vectors including nu-
clear localization signal, V5 Tag, and codon optimized for
mammalian expression) were generated by subcloning gene
fragments (synthesized by IDT) into pEF6/v5his (Thermo-
Fisher). RAG1 and RAG2 expression plasmids, and the
hyper-RAG2 mutant (FS) expression vectors have been de-
scribed previously (27).

Reagents

The TelN restriction enzyme was purchased from New Eng-
land Biolabs. The DNA-PK assay system and purified hu-
man DNA-PK were purchased from Promega. This com-
mercial source of DNA-PK is not completely pure, and po-
tentially contains contaminating duplex DNA, which could
potentially complicate interpretation. For these reasons,
control kinase reactions including no DNA were included in
each experiment. Pilot mass spectrometry experiments were
performed as a potential additional assay to assess PQR
versus ABCDE phosphorylation; however, (unlike peptides
spanning the ABCDE sites) peptides spanning the PQR
sites are rarely observed by mass-spectrometry [phospho-
site.org lists 222 observations of phosphorylations across
the ABCDE sites using mass spectrometry methods ver-
sus only 10 across the PQR sites (28)]. This is potentially
explained by the large size of proteolytic fragments span-
ning the PQR sites. It is unlikely that this reflects any dif-
ference in actual autophosphorylations; detection of PQR
phosphorylations using phospho-specific antibodies is re-
ported more often than for any of the ABCDE sites (28),
but this may reflect the quality of available antibodies (18).
These pilot mass-spectrometric experiments revealed that
the Promega preparation was very minimally phosphory-
lated within the ABCDE cluster (<10% of sites, data not
shown); no peptides spanning the PQR sites were observed,
confirming that mass spectrometric analyses would not be
appropriate for comparing ABCDE and PQR phosphory-
lations, and these experiments were not pursued further.

Episomal end joining assays

Extrachromosomal fluorescent joining assays were per-
formed on cells plated at 20–40% confluency into 24-
well plates in complete medium. Cells were transfected
with 0.125 �g substrate, 0.25 pEF/I-Sce1, pEF/TelN,
wild type RAG1/RAG2 or core RAG1/FS per well using
polyethylenimine (PEI, 1 ug/mL, Polysciences) at 2 �l/1
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�g DNA. Cells were harvested 72 h after transfection and
analyzed for GFP and RFP expression by flow cytome-
try. The percentage of recombination was calculated as the
percentage of live cells expressing GFP divided by the per-
centage expressing RFP. Data presented represents at least
three independent experiments, which each includes tripli-
cate transfections.

DNA-PK kinase assays

The DNA-PK enzymatic assay [SignaTECT DNA-
dependent protein kinase assay system, Promega] was
performed according to the manufacturer’s instructions
except that either gel purified ClaI or TelN restricted DNA
(75 ng, ∼700 bp fragment/165 pmol) was utilized instead
of sheared calf thymus DNA. A detailed protocol of the ki-
nase reaction is provided by the manufacturer, and we have
previously described use of this assay system (6,8,20,29,30).
Briefly, ten units purified DNA-PK were utilized per
reaction. For extract kinase reactions, freeze/thaw extracts
were prepared by the method described by Finnie et al.
(31) in the following buffer (50 mM NaF, 20 mM HEPES
pH 7.8, 450 mM NaCl, 25% glycerol, 0.2 mM EDTA)
with the addition of protease inhibitor cocktail (Sigma,
11836170001) and phosphatase inhibitor cockatail (Pierce,
A32957); 100 ug extract was utilized/reaction. 25 ul kinase
reactions were incubated for 30 min at room temperature
and the reaction stopped by the addition of 10 ul 7.5 M
guanidine hydrochloride. 10 ul of each reaction was spotted
onto SAM2 membrane (avidin impregnated membrane;
Promega); washed extensively in 2 M NaCl, and then 2
M NaCl in 1% HCPO4. Phosphorylation of the biotiny-
lated P53 peptide on the avidin membrane is assessed by
scintillation counting (� -32P-ATP [3000 Ci/mmol, with
unlabeled ATP, final concentration 0.1 mM] is included
in the reaction as per the manufacture’s protocol). Dried
membranes were subjected to scintillation counting. As in
many previous studies (6,8,20,29–31), DNA-PK activity
is expressed as fold increase over kinase reactions with
no DNA. (This is necessary because of background level
of radioactivity associated with SAM2 membranes, par-
ticularly in assays using whole cell extracts.) All assays
were performed in triplicate. Experiments presented are
representative of no less than three independent experi-
ments. To detect autophosphorylated DNA-PKcs or other
phosphorylations, kinase reactions were stopped by the
addition of SDS-PAGE loading buffer; kinase reactions
were electrophoresed, gels dried and subjected to phospho-
rimaging. To detect phosphorylation of p53, 2 ug purified
recombinant p53 (∼38 pmol) (generous gift Bill Henry,
Michigan State University) was added to kinase reactions.
To detect phosphorylation of XRCC4 (2 ug, ∼26 pmol
dimer), XLF (2 ug,∼30 pmol dimer) or Artemis (2 ug,∼26
pmol), purified recombinant proteins described previously
(6,32) were added to kinase reactions. MBP-tagged RAG
heterotetramers were purified from 293T cells similar
to methods described previously (33); 5 ug (∼21 pmol
hetero-tetramer) wild type or 6XS>A RAG1 mutant were
added to kinase reactions. Kinase reactions were analyzed
by SDS-PAGE as described above.

Immunoblot analyses

Immunoblotting was performed with in vitro kinase reac-
tions as described above, except that no �−32P-ATP was in-
cluded. Immunoblotting was performed as described (32).
Antibodies used in this study are rabbit polyclonal anti-
XRCC4 (working concentration, 1:1000; Abcam, 213729),
mouse anti-ATM (working concentration, 1:1000; Ab-
cam, 2C1), rabbit anti-XLF antibody (working concentra-
tion, 1:1000; Abcam, 33499), rabbit anti-Artemis antibody
(working concentration, 1:500; Thermo-Fisher, 2544588),
anti-Artemis (this antibody did not detect Artemis, Cell sig-
naling, 13381), anti-artemis (this antibody did not detect
either Artemis or phosphorylated Artemis, Thermo-fisher,
PA5-27112, rabbit anti-phosphoHSP90 (working concen-
tration, 1:1000; Cell signaling, 3488), rabbit anti-phospho-
S/T-Q (working concentration, 1:1000; Cell signaling, 2851
and 9607). The DNA-PKcs antibody (working concentra-
tion, 1:1000; 42-27) was the generous gift of Tim Carter.
DNA-PKcs phospho-specific antibodies utilized in this
study include anti-phospho-S2056 (working concentration,
1:1000; Abcam 18192, Abcam 124918), and a rabbit anti-
phospho-T2609 reagent, a generous gift of Dale Ramsden
(working concentration, 1:500).

LMPCR analyses of opened hairpins

293T wild type and mutant cells were transfected either with
the TelN/crim/GFP substrate alone or with the TelN ex-
pression plasmid. Forty-eight hours after transfection, cells
were harvested, resuspended in 400 ul of Hirt buffer 1 (10
mM Tris [pH 8.0], 1 mM EDTA, 0.6% SDS), and incu-
bated for 15 min at room temperature before addition of
100 ul Hirt buffer 2 (10 mM Tris [pH 8.0], 1 mM EDTA, 5
M NaCl). Samples were incubated overnight at 4◦C, and
then spun for 10 min at 10 000g at 4◦C. Supernatants
were extracted with phenol–chloroform, ethanol precipi-
tated, and resuspended in 50 ul of double- distilled water;
25 ul of each Hirt supernatant was ligated to 500 pmol of
annealed oligonucleotides LMPCR top/LMPCR bottom
at 16◦C overnight. Ligated Hirt supernatants were ethanol
precipitated and used in PCR amplifications with LMPCR-
pcr oligo and LMPCR-linker pcr oligonucleotides for
40 cycles.

LMPCR top: 5′ GCTATGTACTACCCGGGAATTCGT
GGCGC

LMPCR bottom: 3′ CCCTTAAGCAC
LMPCR-linker pcr oligo: 5′ GCTATGTACTACCCGG

GA AT
LMPCR-pcr substrate oligo: 5′ TTGAAGGGGTAGCC

GATGC

RESULTS

Purified DNA-PK is inefficiently activated by TelN cleaved
DNA

We have previously utilized a panel of DNA end-joining
substrates that assess episomal DNA end joining of DNA
double-strand breaks (DSBs) induced by either the RAG
endonuclease or the I-SceI homing endonuclease (26). In
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Figure 1. Purified DNA-PK is inefficiently activated by TelN cleaved DNA. (A) Left, schematic of TelN episomal substrate depicting position of ClaI and
TelN restriction sites. Right, ethidium bromide stained 1.5% agarose gel of TelN substrate plasmid, either uncut or restricted with ClaI or TelN. (B) DNA-
PK activity assay to quantify DNA dependent phosphorylation (using purified enzyme, Promega) of a biotinylated p53 peptide. Relative phosphorylation
is shown as fold increase over reactions including no DNA. (C) Phosphorimager analysis of DNA-PK phosphorylation (using purified enzyme, Promega)
of recombinant p53, XRCC4, XLF or itself when activated with no DNA, ClaI or TelN restricted DNA.

these plasmids, RAG or I-SceI target sites flank the cod-
ing sequence of the red fluorescent protein; DSBs at the
two sites results in robust deletion of RFP and subsequent
expression of another fluorescent protein positioned down-
stream of the recombination cassette. A plasmid substrate
was prepared including TelN sites flanking RFP (in this
case, the Crimson version of RFP). Similarly, sized DNA
fragments were prepared and purified by restricting the
TelN substrate plasmid with either ClaI (that generates ends
with 5′ overhangs) or TelN that generates hairpinned ends
(Figure 1A). The capacity for each DNA fragment to ac-
tivate purified DNA-PK (Promega) was assessed using a
common assay that measures phosphorylation of a biotiny-
lated p53 peptide system (6,8,20,29,30). Assays were per-
formed including no DNA, 250 ng sheared calf thymus
DNA, 75 ng purified ClaI fragment or 75 ng purified TelN
fragment. As can be seen, both sheared calf thymus DNA
and the ClaI fragment induce robust phosphorylation of the
p53 peptide. In contrast, the TelN fragment induces mini-
mal phosphorylation of the p53 peptide that is not statisti-
cally different than including no DNA (Figure 1B).

Phosphorylation of full-length p53, XRCC4 and XLF, all
well-known targets of DNA-PK, was also assessed. As can
be seen, whereas the ClaI fragment induces robust phos-
phorylation of full-length p53, XRCC4 and XLF, the TelN
fragment does not efficiently induce phosphorylation of any
of these, no more than background phosphorylation ob-
served in assays with no DNA (Figure 1C). Assays were

also performed with no p53 and autophosphorylation of
DNA-PKcs was assessed by phosphor-imager analyses of
SDS-PAGE gels. As can be seen, similar DNA-PKcs au-
tophosphorylation was observed in assays with ClaI re-
stricted DNA, and TelN restricted DNA; autophosphory-
lated DNA-PKcs was not observed in assays lacking DNA
(Figure 1C, bottom panel). These data suggest that hair-
pinned DNA does not promote DNA-PK dependent phos-
phorylation of p53, XRCC4 or XLF but does promote
DNA-PK autophosphorylation.

TelN cleaved DNA induces robust DNA-PKcs autophospho-
rylation of T2609, but not S2056

The component polypeptides of DNA-PK are amongst the
most abundant in all human cells; thus, assessing DNA-PK
dependent phosphorylation is straightforward using whole
cell extracts from cultured human cells. We next assessed the
capacity of the TelN and ClaI fragments to induce phos-
phorylation of the p53 peptide using extracts from wild
type 293T cells or previously described 293T cells that lack
DNA-PKcs via CRISPR mediated deletion (26). As can be
seen, whereas the ClaI fragment induces robust p53 peptide
phosphorylation using extracts from wild type 293T cells,
the TelN fragment induces minimal p53 phosphorylation
(Figure 2A). [In kinase assays using cell extracts, the activat-
ing DNA may be subjected to nuclease activity, potentially
explaining the minimal p53 phosphorylation observed us-
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Figure 2. TelN cleaved DNA induces robust DNA-PKcs autophosphorylation of T2609, but not S2056. (A) DNA-PK activity assay to quantify DNA
dependent phosphorylation from whole cell extracts using a biotinylated p53 peptide. Relative phosphorylation is shown as fold increase over reactions
including no DNA. (B) Immunoblot analyses of DNA-PK kinase assays including no DNA, or ClaI or TelN restricted DNA using whole cell extracts
from wild type 293T cells or DNA-PKcs ablated 293T cells. Relative phosphorylation of DNA-PKcs T2609 or S2056, versus total DNA-PKcs is presented
as indicated. (C) Immunoblot analyses of DNA-PK kinase assays including no DNA, or ClaI or TelN restricted DNA using whole cell extracts from wild
type 293T cells. Relative phosphorylation of DNA-PKcs T2609 or S2056, XRCC4 and HSP90 is presented. Total DNA-PKcs and XRCC4 is also presented
as indicated. (D) Immunoblot analyses of DNA-PK kinase assays including no DNA, or ClaI or TelN restricted DNA using whole cell extracts from wild
type 293T cells. Relative phosphorylation of proteins containing S/T-Q targets was assessed.

ing TelN restricted DNA fragment that is not observed uti-
lizing purified enzyme.] As expected, no DNA dependent
phosphorylation of the p53 peptide was observed in exper-
iments using extracts from DNA-PKcs deficient cells (Fig-
ure 2A). DNA-PKcs autophosphorylation was assessed us-
ing phospho-specific antibodies that we have recently strin-
gently validated (18). As can be seen, whereas both ClaI
and TelN restricted DNA robustly induce autophosphory-
lation of T2609 (in the ABCDE cluster), while S2056 phos-
phorylation (in the PQR cluster) is only promoted (over
the level observed with no DNA) by ClaI restricted DNA.
Numerous additional in vitro kinase assays were analyzed
via immunoblotting; whereas T2609 phosphorylation was
consistently similarly induced by both TelN and ClaI re-
stricted DNA, phosphorylation of other well-known targets
of DNA-PK (XRCC4, HSP90) was only consistently and
efficiently promoted (over no DNA controls) by ClaI re-
stricted DNA. I conclude that hairpinned DNA robustly in-
duces T2609 autophosphorylation, a phosphorylation that
promotes Artemis nuclease activity. However, in cell extract
assays, hairpinned DNA termini do not fully activate DNA-
PK to phosphorylate XRCC4 or HSP90 or to autophos-
phorylate S2056.

Finally, in vitro kinase assays were analyzed using a poly-
clonal reagent that recognizes many phosphorylated S/T-Q
targets (Figure 2D). As can be seen, a phospho-S/T-Q tar-
get is apparent that co-migrates with DNA-PKcs in extracts
stimulated with either the ClaI fragment or the TelN frag-
ment. Human DNA-PKcs contains 26 S/T-Q sites, 16 of
which have been reported to be phosphorylated (28); five
of the six ABCDE sites are S/T-Q sites whereas two of the
five PQR sites are S/T-Q sites. Two additional phospho-
S/T-Q targets (∼600 kDa and ∼200 kDa, not identified)
are robustly detected that are predominately stimulated by
the ClaI fragment, but not the TelN fragments.

We considered that the difference between autophospho-
rylation of DNA-PKcs versus phosphorylation of other
protein targets could be an issue of collision frequency, and
that autophosphorylation can occur via zero order kinet-

ics (since it is the same molecule). Phosphorylation of other
target proteins may depend on concentration and prox-
imity (second order kinetics). Whereas, this may explain
the observed differences between autophosphorylation ver-
sus phosphorylation of XLF, XRCC4, p53 and HSP90,
this cannot explain the clear difference between autophos-
phorylation of T2609 versus S2056. I conclude that hair-
pinned DNA ends induce DNA-PKcs autophosphoryla-
tion on T2609, but hairpinned termini fail to fully activate
DNA-PK’s enzymatic activity towards other substrates.

Hairpinned DNA termini do not stimulate DNA-PK phos-
phorylation of inactive Artemis

In the elegant study from Lu et al. (14), hairpinned DNA
robustly induced phosphorylation of Artemis and DNA-
PKcs. However, the authors did not address whether hair-
pinned DNA ends directly promote phosphorylation of
Artemis, or alternatively, if the opened hairpins promote
Artemis phosphorylation. Thus, I next assessed in vitro
phosphorylation of recombinant Artemis expressed in in-
sect cells utilized in previous studies (6). Although this
recombinant Artemis interacts with DNA-PKcs in pull-
down assays (6), we were unable to detect enzymatic activity
with these preparations (not shown). The baculovirus de-
rived Artemis preparations were purified via nickel affin-
ity with buffers including imidazole; imidazole likely im-
pairs Artemis activity (personal communication, Kefei Yu).
Still, this enzymatically inactive Artemis should allow me
to differentiate whether phosphorylation of Artemis is di-
rectly promoted by hairpinned ends, or alternatively, it is the
opened hairpins that promote Artemis phosphorylation.
Whereas ClaI restricted DNA robustly induces phospho-
rylation of Artemis, TelN restricted DNA does not (Figure
3A). Only a limited number of research groups have studied
Artemis nuclease activity in vitro (4,5,7,34,35). Compelling
data from Lieber et al. (4,5,14) unequivocally demonstrate
that Artemis and DNA-PKcs form the hairpin opening ac-
tivity required for VDJ recombination and likely the pri-
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Figure 3. Hairpinned DNA termini do not stimulate DNA-PK phospho-
rylation of Artemis. (A) Phosphorimager analysis of a 6%, Coomassie blue
stained SDS-PAGE gel, of DNA-PK phosphorylation (using purified en-
zyme, Promega) of recombinant Artemis when activated with no DNA,
ClaI or TelN restricted DNA.

mary hairpin opening activity of higher eukaryotes. I sug-
gest that whereas hairpinned termini can induce autophos-
phorylation of the ABCDE sites in DNA-PKcs that activate
the Artemis nuclease (as shown by Lu et al. (14)), it is likely
that the opened hairpins promote DNA-PK phosphoryla-
tion of Artemis. As with other DNA-PK targets (Figures
1 and 2), hairpinned DNA ends do not directly promote
phosphorylation of enzymatically inactive Artemis (Figure
3).

DNA-PK dependent phosphorylation of RAG1 is not induced
by TelN restricted DNA

Work is ongoing in my laboratory to understand the impact
of DNA-PK and/or ATM phosphorylation of the RAG
complex (26,36). We have discovered that RAG1 is preferen-
tially phosphorylated by DNA-PK at the extreme non-core
C-terminus. RAG-induced DSBs are the only (to my knowl-
edge) hairpinned ends induced in normal cells; we thus con-
sidered that RAG1 phosphorylation by DNA-PK might
be unique (as compared to other DNA-PK targets). Fully
functional RAG tetramers were produced in 293T cells as
MBP fusion proteins as depicted in Figure 4A. As can be
seen, whereas robust RAG1 phosphorylation is apparent in
assays including ClaI restricted DNA, little phosphoryla-
tion is induced by TelN restricted DNA (Figure 4B); only
minimal RAG2 phosphorylation is observed in either con-
dition. As expected, RAG1 with six Ser>Ala substitutions
in the extreme C terminus is not phosphorylated by DNA-
PK. Thus, like its other substrates, DNA-PK’s phospho-
rylation of RAG1 is not directly promoted by hairpinned
ends. Instead, I suggest that during VDJ recombination,
RAG-induced hairpins induce ABCDE phosphorylation,
activating the Artemis nuclease. Active Artemis cleaves the
hairpinned coding termini (4); the open hairpins promote
full DNA-PK activation, allowing DNA-PK to target the
RAG complex.

Episomal end-joining of TelN-induced DSBs is impaired in
NHEJ defective cells

Numerous studies have documented robust episomal end-
joining in NHEJ deficient cells because of alternative end-
joining (a-EJ) (37,38). An intensive research effort has re-
vealed that DNA ligase III is the likely enzyme that medi-
ates a-EJ, along with other components of the base excision
repair pathway (39–41), although DNA ligase I can func-
tion in this capacity in the absence of DNA ligase III (42).

More recently, it has been shown that a-EJ is also highly
reliant on DNA polymerase theta (PolQ) (43).

Unlike restriction enzyme-induced DSBs, in NHEJ defi-
cient cells, DSBs generated during VDJ recombination by
the RAG endonuclease are not efficiently joined by a-EJ.
This is because the RAG complex (in an undefined man-
ner) restricts its DSBs to NHEJ. Previously, in collaboration
with Roth and colleagues, I studied a dysregulated RAG2
mutant (FS) that is partially insufficient in restraining DSBs
to NHEJ (27). This RAG mutant lacks cdc2 phosphoryla-
tion sites that induce degradation of RAG2 at the G1/S bor-
der and has both increased expression levels and increased
activity in cellular assays. In our previous study, we showed
that with the FS RAG2 mutant, substantial joining of both
coding and signal joints could be observed in rodent cells
deficient in either DNA-PKcs or XRCC4. Although sub-
stantial increases were observed for both coding and signal
joining, the increase in signal joining far exceeded coding
joining (by ∼10-fold). At the time of our previous study,
it was unclear whether the difference in the level of coding
and signal end joining with the RAG2 FS mutant was be-
cause the mutant still retained some ability to restrict cod-
ing ends to NHEJ as compared to signal ends; in fact fur-
ther studies from Roth and colleagues documented clear
deficits in the signal end complex with this RAG mutant
(44). The alternative explanation was that the hairpinned
coding ends were simply more difficult for a-EJ to repair,
as compared to blunt signal ends. If this were the explana-
tion, one might expect a more substantial increase in cod-
ing end joining in XRCC4 deficient cells that have an in-
tact DNA-PKcs/Artemis complex; this was not observed.
I reasoned that it might be possible to differentiate be-
tween these two possibilities by examining both RAG FS
mutant hairpin joining and TelN joining in the same cell
strains.

Here I utilize a panel of isogenic 293T cells with spe-
cific deficits in NHEJ (Figure 5A). [Validation of Artemis
ablation was confirmed by sequence analyses and by func-
tional complementation (Supplemental Figure S1).] Con-
sistent with our previous study, 293T cells lacking DNA-
PKcs, both XRCC4 and XLF, or harboring a kinase inacti-
vating mutation of DNA-PKcs (Figure 5A) have severe de-
ficiencies in both coding and signal end joining when VDJ
recombination is initiated using wild type RAG1 and RAG2
(‘w’, Figure 1B); 293T cells deficient in Artemis have normal
signal end joining but severely reduced coding end joining.
When VDJ recombination is initiated with core RAG1 and
the FS mutant RAG2 that is deficient in restricting DSBs
to NHEJ (‘m’, Figure 5B), substantial coding and signal
joining can be observed in all of the NHEJ defective cells
(Figure 5B). Of note, although increased coding joining is
observed, the increase in signal end joining is substantially
higher in each of the NHEJ mutant cell strains. This differ-
ence in coding versus signal joining is consistent with our
previous studies using the RAG mutant in NHEJ deficient
rodent cells (27).

I next assessed hairpin versus non-hairpinned end joining
using restriction enzyme-induced DSBs that are not specif-
ically targeted to NHEJ (38) in the same panel of isogenic
cell strains. The TelN cleavage site, and its mode of cleavage
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Figure 4. DNA-PK dependent phosphorylation of RAG1 is not induced by TelN restricted DNA. (A) Left, cartoon depicting recombinant RAG1 (�NR1)
and RAG2 (FLR2) fusion proteins. Right, sequence comparison of RAG1’s non-core extreme C-terminus; Residues depicted in red or pink, substituted
to alanine residues (as reported previously (36)) in the 6X S>A RAG1 mutant. (B) Phosphorimager analysis of Coomassie stained 6% SDS-PAGE gel
of DNA-PK phosphorylation (using purified enzyme, Promega) of recombinant wild type RAG tetramers (left) or RAG1 6X S>A when DNA-PK is
activated with no DNA, ClaI or TelN restricted DNA.

is depicted in Figure 5C. From the current understanding
of how the DNA-PKcs/Artemis nuclease processes hairpins
(4,5), the TelN hairpins should be cleaved such that 4 base
pair 3′ overhangs result; at TelN sites, this generates com-
pletely complementary ends with four base overhangs, theo-
retically an excellent substrate for a-EJ. As can be seen, end-
joining of the I-SceI substrate (26) is robust in all cell types,
and only slightly reduced in some of the NHEJ deficient
cells (no >2-fold, Figure 5D). In wild type 293T cells, join-
ing of the TelN substrate is similar to joining of the I-SceI
substrate suggesting that both episomal substrates and both
ectopically expressed restriction enzymes function similarly
in 293T cells. In contrast, end-joining of the TelN substrate
is substantially impaired (at least 5-fold) in all of the NHEJ
deficient cells. The differences between I-SceI joining and
TelN joining in this panel of NHEJ mutant cells is similar
to the comparison of signal and coding end joining using
the RAG mutant that releases its DSBs to a-EJ (Figure 5B).
These data suggest that hairpinned ends cannot be joined
by a-EJ. This raises the possibility that the hairpin structure
of cleaved coding ends facilitates restriction of coding end
joining to NHEJ during VDJ recombination.

Using a ligation mediated PCR assay (LMPCR), I as-
sessed whether the hairpinned DNA termini of the TelN
substrate are opened in each of the cell strains tested.
This assay utilizes a linker that is complementary to the 4
base pair, 3′ overhang that should be generated by DNA-
PKcs/Artemis-mediated opening of TelN-induced hair-
pins; thus the only DNA ends detected by the assay are
opened TelN hairpins. As can be seen, (Figure 5E), opened
hairpins are readily detected in both wild type 293T cells
or cells deficient in XRCC4 and XLF; no opened hairpins

are detected in the three cell strains with deficits in either
DNA-PKcs or Artemis. Of note, even though hairpinned
termini are opened in XRCC4/XLF deficient cells, end-
joining of the TelN substrate is similarly impaired in these
cells as compared to cells that have defects in DNA-PKcs
or Artemis (Figure 5D). Several previous studies utilizing
biochemical approaches have suggested a link between end-
processing and end ligation during NHEJ (22–25). For ex-
ample, in a study assessing the capacity of the XRCC4/Lig4
complex to stimulate Artemis (even in the absence of DNA-
PKcs), XRCC4/Lig4 clearly stimulated the endonuclease
activity of the DNA-PKcs/Artemis complex; this stimula-
tion was observed with each DNA end configuration tested
[Gerodimos et al., Figures 1–4 (22)]. Similarly, two studies
demonstrated that XRCC4 is required for end processing
in extract-based assays (23,24). Very recently, Loparo and
colleagues demonstrated that end processing in the context
of NHEJ, occurs within a ‘short range synaptic complex’,
which requires the catalytic activity of DNA-PK, and the
presence (but not enzymatic activity) of the XRCC4/LigIV
complex (25). Although other explanations are possible,
my results suggest that if the DNA-PKcs/Artemis complex
processes hairpinned termini, those DNA ends are then re-
stricted to joining by NHEJ, consistent with these in vitro
studies suggesting the XRCC4/Lig4 complex is not only re-
quired for ligation but also for end-processing.

DISCUSSION

There are clearly limitations to the current study. Assessing
phosphorylation using different phosphospecific antibodies
(with different affinities etc) is qualitative and not quantita-
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Figure 5. End-joining of TelN-induced DSBs is similarly impaired in all NHEJ defective cells. (A) Immunoblot analyses of whole cell extracts of 293T
cells, either wild type, DNA-PKcs−/−, DNA-PKcs kinase dead, Artemis−/−, or XRCC4/XLF−/− as indicated assessing relative expression of ATM,
DNA-PKcs, XRCC4 or XLF as indicated. Several commercial anti-Artemis antibodies failed to detect endogenous Artemis in 293T cells; validation of
Artemis ablation was by Sanger sequencing and functional complementation (Supplemental Figure S1). (B) Episomal end-joining assays using either the
290-Crim/GFP (left) or 289-Crim/GFP (right) substrates. Either no RAGs, wild type RAGs, or coreRAG1/FS were co-transfected as indicated. Cells were
analyzed by flow cytometry; % of cells expressing GFP/RFP is indicated as % recombination. Results were compiled from at least four experiments, with
each experiment performed in triplicate for each variable. (C) Representation of the intact TelN cleavage site (top line), TelN cleavage site after cleavage
(middle), and after DNA-PKcs/Artemis hairpin opening (bottom). (D) Episomal end-joining assays using either the I-SceI-Crim/GFP (left) or TelN-
Crim/GFP (right) substrates. Either I-SceI or TelN was co-transfected, either alone or in combination with DNA polymerase theta as indicated. Cells
were analyzed by flow cytometry; % of cells expressing GFP/RFP is indicated as % recombination. (E) LMPCR analyses to detect opened hairpinned
ends as described in Materials and Methods.

tive. Moreover, these antibodies detect only one site in each
cluster (although our previous studies demonstrate that
sites within each cluster are functionally redundant (6,19)).
Still, results presented here help to unify conclusions from
previous studies (14–16). Whereas Smider et al. concluded
that hairpinned DNA ends failed to activate DNA-PK,
Gu et al. concluded that hairpinned DNA ends activated
Artemis and induced phosphorylation of both Artemis and
autophosphorylation of DNA-PKcs. Both studies are ex-
actly correct. The contribution of the current study is that I
show that the specific autophosphorylation of DNA-PKcs
(ABCDE phosphorylation) induced by hairpinned DNA
ends is exactly the phosphorylation event that is required
to activate Artemis. Opened DNA ends are required to pro-
mote other DNA-PK autophosphorylations and phospho-
rylation of other DNA-PK targets. This unexpected finding
suggests a multi-step process of kinase activation.

Previous studies have shown that Ku and DNA-PKcs ef-
ficiently assemble onto DNA ends with hairpinned termini
(15). Data presented here suggest that the initial binding
of free hairpinned DNA by Ku plus DNA-PKcs is suffi-
cient to activate autophosphorylation of the ABCDE clus-
ter, which is located in a disordered region between the N
and C terminal domains (8). Lees-Miller and colleagues
showed that ABCDE phosphorylation is sufficient to re-

lieve Artemis’s autoinhibition facilitating hairpin opening
by the Artemis endonuclease (7). In assays with hairpin acti-
vator and no Artemis, DNA-PK is not further activated, to-
wards either the PQR sites or to exogenous substrates (Fig-
ures 1, 3A, 4). These data suggest that induction of Artemis
phosphorylation by hairpinned DNA (as reported by Lu et
al. (14)) requires hairpin opening by the Artemis nuclease.
Hairpin DNA ends do not induce DNA-PK phosphoryla-
tion of inactive Artemis (Figure 3). This suggests a model
whereby full kinase activation requires a free DNA end to be
positioned into DNA-PK’s DNA binding pocket that has
been shown to be proximate to the PQR sites (21). Numer-
ous reports have suggested that strand separation (‘melt-
ing’ or ‘breathing’ (at the DNA end-activating DNA-PK)
enhances enzymatic activity (45–49). Thus, it is tempting
to speculate that some degree of strand ‘melting’ occurs at
the DNA terminus facilitating DNA-PK’s ability to appro-
priately promote end processing. In fact, Lieber et al. have
shown that Artemis’s activity towards blunt DNA termini
requires melting of the termini, likely because this provides
a more suitable substrate for the nuclease (50,51). How-
ever, it seems possible that if melting promotes full kinase
activation, this may promote DNA-PKcs/Artemis activity.
NMR studies have shown that hairpinned termini are par-
tially melted at the termini, but obviously the ends are still
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Figure 6. DNA-PK activation proceeds through mulitple steps. Hairpinned DNA ends are recognized and bound activating DNA-PK to autophosphory-
late ABCDE sites. The hairpinned ends cannot fully engage the DNA binding pocket which is required to promote PQR phosphorylation and phospho-
rylation of exogenous substrates. ABCDE phosphorylation activates Artemis’s endonuclease activity that opens the hairpin. The opened hairpin can fully
engage the DNA binding pocket, fully activating DNA-PK. It seems likely that even with non-hairpinned ends, binding of the DNA end, without fully
engaging the DNA binding pocket, may also result in step-wise activation of DNA-PK.

sealed. If strand separation of the DNA terminus is required
for full kinase activity, this may help explain not only why
hairpinned DNA does not fully activate DNA-PK, but also
why DNA with cisplatin cross-links near the DNA terminus
are defective in kinase activation (45).

Data presented here suggest that the a-EJ pathway can-
not efficiently repair DNA hairpins that have been opened
by the DNA-PKcs/Artemis complex, raising the possibility
that the hairpinned structure of coding ends during VDJ
recombination contributes to the complete dependence of
coding end joining on NHEJ. Signal ends are also repaired
primarily by NHEJ; however, in this case the stability of
RAG post-cleavage complexes that sequester signal ends
clearly contributes to exclusive repair by NHEJ.

There have been a number of studies using a variety of
biochemical approaches demonstrating that downstream
components of the NHEJ pathway are required to facili-
tate end processing associated with NHEJ (22–25). In cel-
lular studies, Ramsden and colleagues proposed a model
whereby the XRCC4/LigIV complex dictate end-processing
depending on end configuration providing an additional
link between end-processing and the XRCC4/LigIV com-
plex (52). On the other hand, Iliakis and colleagues assessed
DNA repair in cells deficient in both DNA ligase IV and
Artemis and observed small additive affects, primarily in

slow repair of IR induced DSBs, but also in a-EJ assays
(53) suggesting that in some cases the DNA-PKcs/Artemis
complex may function independently of the XRCC4/LigIV
complex. However, here, assessing resolution of hairpinned
DSBs, XRCC4/XLF deficient cells although proficient in
opening hairpinned termini, are similarly defective in re-
joining the opened DSBs as are cells deficient in DNA-PKcs
or Artemis. These data support accumulating evidence that
the XRCC4/Lig4 complex is required not only for end join-
ing but also for end processing during NHEJ.

DNA-PK is a robust kinase; hundreds of downstream
targets have been identified; to date the most physiologi-
cally relevant targets identified are within DNA-PKcs it-
self (reviewed in (54)). Of the autophosphorylation sites
in DNA-PKcs, blocking phosphorylation of the ABCDE
sites has the largest functional impact. This is partially be-
cause of the absolute dependence of the Artemis nuclease on
ABCDE phosphorylation (7). In addition, blocking phos-
phorylation of the ABCDE sites results in delayed kinetics
of DNA-PK release from DSBs, resulting in slow kinetics
of repair (8,19,55,56) and a much more severe cellular phe-
notype than simply a lack of DNA-PKcs or inactivation of
its enzymatic activity. This ‘slow NHEJ’ phenotype has re-
vealed that DNA-PK accesses DNA ends that arise from a
variety of different DNA damaging agents including single
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DNA ends that result from collapsed replication forks, sug-
gesting additional functional roles for DNA-PKcs in repair
of replication associated DNA damage (57).

We previously demonstrated that both ABCDE and
PQR phosphorylations were primarily autophosphoryla-
tions and that both could occur in trans (18,30). However,
in those studies, the level of trans phosphorylation was re-
duced compared to total phosphorylation, and we noted
that it was likely that cis phosphorylation might also oc-
cur. The specific activation of ABCDE autophosphoryla-
tion by hairpinned DNA ends suggests a cis mechanism of
activation, as have other studies (4,48). In sum, these previ-
ous studies along with the new findings presented here are
most consistent with a cis model of ABCDE autophospho-
rylation.

In sum, these data suggest that DNA-PK activation pro-
ceeds through multiple distinct steps (see model, Figure
6). Assembly of Ku and DNA-PKcs onto double-stranded
ends (hairpinned or not) is sufficient to promote autophos-
phorylation of the ABCDE sites which in turn activates
Artemis, promoting end processing. However, end recogni-
tion (perhaps at ‘melted’ termini) is required to promote
PQR autophosphorylation and full kinase activation to-
wards DNA-PK’s many substrates.
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