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ABSTRACT

Rapid phosphorylation of histone variant H2AX
proximal to DNA breaks is an initiating event and a
hallmark of eukaryotic DNA damage responses.
Three mammalian kinases are known to phosphor-
ylate H2AX in response to DNA damage. However,
the mechanism(s) for damage-localized phosphoryl-
ation remains incompletely understood. The
DNA-dependent protein kinase (DNA-PK) is the
most abundant H2AX-modifying kinases and
uniquely activated by binding DNA termini. Here,
we have developed a novel approach to examine
enzyme activity and substrate properties by
executing biochemical assays on intact cellular
structures. We apply this approach to examine the
mechanisms of localized protein modification in
chromatin within fixed cells. DNA-PK retains sub-
strate specificity and independently generates
break-localized yH2AX foci in chromatin. In situ
DNA-PK activity recapitulates localization and inten-
sity of in vivo H2AX phosphorylation and requires
no active cellular processes. Nuclease treatments
or addition of exogenous DNA resulted in genome-
wide H2AX phosphorylation, showing that DNA
termini dictated the locality of H2AX phosphoryl-
ation in situ. DNA-PK also reconstituted focal phos-
phorylation of structural maintenance of chromatin
protein 1, but not activating transcription factor 2.
Allosteric regulation of DNA-PK by DNA termini
protruding from chromatin constitutes an autono-
mous mechanism for break-localized protein
phosphorylation that generates sub-nuclear foci.
We discuss generalized implications of this
mechanism in localizing mammalian DNA damage
responses.

INTRODUCTION

The DNA within the human genome is highly ordered into
structures that compact, organize and impart controls
onto the DNA within each nucleus. The nucleosome is
the basic unit of chromatin and contains two copies of
each core histone, H2A, H2B, H3 and H4 (1). The
histone variant H2AX comprises between 2 and 25% of
the histone H2A complement in mammalian cells (2).
H2AX has an extended carboxyl-terminal ‘tail” with one
additional serine (Ser139) that is phosphorylated on
histones proximal to double-strand breaks (DSBs) within
seconds of DNA damage (3). In the minutes to days fol-
lowing DNA damage, many proteins localize to sites
of damage to coordinate chromatin remodeling, DNA
repair, cell cycle control and ultimately determine
cellular fates [reviewed in (4)]. Many damage responsive
proteins such as MDCI, 53BP1, BRCAI, ataxia telangi-
ectasia mutated (ATM), ataxia telangiectasia/Rad3
related (ATR), activating transcription factor 2 (ATF2),
structural maintenance of chromatin protein 1 (SMCI)
and the MRN complex (Mrell/Rad50/Nbsl) localize to
phospho-H2AX (YH2AX) sites; however, the precise func-
tional roles, mechanisms of localization, localized phos-
phorylation and spatiotemporal coordination of these
many proteins remain areas of intensive research.

Within minutes of DNA damage, the diffuse nuclear
staining of the DNA damage responsive (DDR) protein
53BP1 transitions to a nearly complete focal
co-localization with YH2AX (5). Within 24h following
moderate DNA damage, most if not all of the DNA
breaks are repaired, and the 53BP1/yH2AX foci are
resolved (6,7). However, 53BP1 and YH2AX can remain
in sub-nuclear focal staining patterns for days or even
weeks following severe damage—presumptively until
repair is completed (8). Importantly, 53BP1/yH2AX foci
also occur in cells that have not been exogenously
damaged. In these cases, critically shortened telomeres
are at the center of the 53BP1/yH2AX foci and the

*To whom correspondence should be addressed. Tel: +1 510 495 2867; Fax: +1 510 486 4545; Email: smyannone@lbl.gov

Present address:

Denise P. Mufioz, Children’s Hospital Oakland Research Institute, 5700 Martin Luther King Jr Way, Oakland, CA 94609, USA.

Published by Oxford University Press 2013.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



source of the activated DNA damage responses (9,10).
Persistent DDR foci are thought to be sites of unrepaired
DSBs that signal cell cycle arrest, regardless of whether
they arise from exogenous DNA damage, oncogene
activation or critically shortened telomeres (11,12).
Consequently, YH2AX and 53BP1 sub-nuclear foci have
become widely used as surrogate markers for DNA DSBs,
cellular senescence and powerful tools in elucidating
cellular and molecular responses to DNA damage and
critically shortened telomeres (12—15).

The family of phosphatidylinositol 3'-kinase-like
kinases (PIKKs) is constitute serine/threonine protein
kinases at the center of mammalian DNA damage re-
sponses (16). This family of enzymes includes ATM and
ATR kinases, and the DNA-dependent protein kinase
(DNA-PK). These kinases are largely responsible for
initiating and maintaining DNA damage signals and all
phosphorylate H2AX at DNA DSBs (17-19). Curiously,
DNA-PK is by far the most abundant PIKK in human
cells, at significantly lower levels in rodent cells, and
entirely absent from nematodes, flies and yeast (20,21).
In contrast, ATM is present at low levels in all eukaryotic
cells and a vital sensor of DNA damage with severe
cellular and organismal effects when inactivated (22-24).
ATM, ATR and DNA-PK are all activated by DNA
DSBs in cells, but only DNA-PK binds and is
allosterically activated by DNA termini and has direct
functions in DNA DSB repair and immunogenesis (25—
27). The importance of ATM in DNA-damage sensing,
signaling and repair is unequivocally established, and its
functions appear to be similar in all eukaryotes from yeast
to humans. In contrast, the functions of DNA-PK that are
critical to vertebrate cell function but entirely dispensable
in most eukaryotic species remain unclear. Regardless,
DNA-PK is a key DDR kinase in human cells that phos-
phorylates H2AX in chromatin near DNA DSBs. Here,
we investigate the mechanism of DNA-break localized
phosphorylation of H2AX and other proteins by
DNA-PK in the context of human chromatin.

MATERIALS AND METHODS
Cells and cell culture conditions

The cells used throughout this study were normal human
diploid neonatal foreskin fibroblasts (HCA2) kindly
supplied by Dr J. Campisi. Cells were grown in
Dulbecco’s Modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum, and 100 U/ml of
penicillin/streptomycin in humidified 10% CO, at 37°C.
Cells were irradiated using a Pantak® x-ray generator
(PANTAK Ltd) operating at 320kV/10 mA with
0.5-mm copper filtration.

Enzymes, inhibitors and antibodies

Lambda phosphatase, DNAse I, Micrococcal nuclease
and Rsal were obtained from New England BioLabs; re-
combinant protein phosphatase 1 isoform-oc was from
Calbiochem; and recombinant Aktl was purchased from
Invitrogen. DNA-PKcs was purified from human HeLa
cells, and Ku70/80 from recombinant baculoviral
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infected Sf9 insect cells as described previously (28,29).
Phosphatase inhibitors Microcystin and NaF were
purchased from Sigma-Aldrich. Anti-53BP1 antibodies
were procured from Bethyl Laboratories, anti-yH2AX
and H2AX were from Upstate (Millipore), anti-phospho
GSK3B was from Cell Signaling, anti-phospho SMCI
(Ser957) was from Millipore and anti-ATF2 (Ser490/
498) from PhosphoSolutions. Secondary antibodies were
donkey anti-mouse Alexa Fluor® 488 and anti-rabbit
Alexa Fluor® 594 from Molecular Probes (Invitrogen).

In situ kinase assays

Cells were seeded at a density of 5 x 10% per well in 4-well
chamber slides and exposed to X-rays or mock irradiated
24h following seeding. Cells were fixed with fresh 4%
paraformaldehyde for 10 min and permeabilized with
phosphate buffered saline (PBS) containing 0.5% Triton
X-100 by a 10-min incubation at room temperature. Cells
were then incubated overnight at 4°C in blocking buffer
(PBS, 1% bovine serum albumin, 4% normal donkey
serum, Jackson ImmunoResearch). Fixation conditions
were critical for preserving genomic structures, and
over-fixation markedly reduced DNA-PK reconstitution
activity. All in situ assays were carried out at room tem-
perature (~22-25°C) with gentle rocking in ‘in situ
reaction buffer’ (ISB), S0mM Hepes-NaOH pH 7.5,
10mM MgCl,, 2mM CaCl,, 25mM NaCl, 25mM KCI
and freshly added 1 mM dithiothreitol. All buffers were
made with precautions to retain DNAse-free conditions
(see Figure 2C). Cellular substrates were dephospho-
rylated by 1-h incubation at room temperature with a
combination of 1600 U/ml of Lambda and 2 U/ml of
PP1 phosphatases in ISB. Phosphatases were inhibited
and removed by two serial washes with PBS supplemented
with 20mM NaF and 750 nM Microcystin. For DNA-PK
assays, cells were pre-incubated for 5 min in ISB with 1.06
pmoles of DNA-PKcs and 2.0 pmoles of Ku70/80. The
reactions were started by the addition of 5SmM adenosine
triphosphate (ATP) and incubated for 90 min. Cells were
washed with PBS followed by standard immunofluores-
cence staining protocols. For Aktl assays, cells were
incubated with 2.25 pmoles of recombinant human Aktl
kinase in 25mM Tris—HCI pH 7.5, 10 mM MgCl,, 0.5 mM
Na3;VOy, 0.01% Triton X-100 and 5mM ATP, followed
by three washes with PBS. Treatments with DNAse I
(10 U/ml), Micrococcal nuclease (10000 Kunitz Units/ml)
and Rsal (10 000 U/ml) enzymes were done before the
DNA-PK assays by incubating the cells with 1pl of the
respective nucleases at room temperature for 30 min in
the manufacturers reaction buffer. For oligonucleotide
assays, DNA-PK was mixed on ice with the noted
amounts of double stranded 67 bp oligonucleotide and
assays executed as mentioned earlier.

Immunofluorescence

Cells were probed overnight at 4°C with primary
antibodies in blocking buffer and then washed three
times, 10 min each, with PBS. Cells were incubated with
fluorochrome-conjugated  secondary antibodies in
blocking buffer for 30 min at room temperature and
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washed three times with PBS, with the last wash contain-
ing the DNA counterstain 4’, 6-diamidino-2-phenylindole
(DAPI) at 0.1 pg/ml. Slides were mounted in Vectashield®.
Images were acquired with identical settings with an
Olympus BX60 fluorescence microscope with Spotfire
3.2.4 software (Diagnostics Instruments) and processed
with Photoshop CS2 (Adobe) and Image] (NIH)
Software packages.

RESULTS

The redundancy and complexity of DNA damage re-
sponses in living cells and the difficulty of isolating
intact chromatin structures have limited our ability to
understand the detailed mechanisms of break-localized
chromatin modification. We have developed a novel
approach to investigate mechanisms of protein modifica-
tion at DNA damage sites on intact chromatin.
Biochemical reactions were carried out on fixed chromatin
with purified enzymes, and reaction products were
visualized using standard immunofluorescence microscopy
and antibodies recognizing reaction products (i.c.
vYH2AX) (Figure 1A). In situ substrates were proteins
that remained inside of permeabilized and fixed human
cells in their native context (i.e. H2AX within chromatin)
(Figure 1A).

Biochemical reactions on histones in fixed chromatin (In
Situ biochemistry)

Covalent cross-links between proximal molecules are ef-
fective means to preserve cellular structures; however,
such chemical treatments can render substrates and
antibody epitopes unrecognizable by their partner
proteins owing to steric interference. To test the feasibility
of executing biochemistry on histone H2AX and other
proteins fixed on chromatin, we incubated cells with a
mixture of commercially available serine/threonine phos-
phatases (A and rabbit muscle PP1 phosphatases). If
active, this treatment should remove phosphate groups
from all accessible serine and threonine residues in the
cells, including H2AX-Ser139 modified by ATM, ATR
and DNA-PK. Phosphatase activity would be evident as
a loss of immunofluorescent YH2AX signal in treated cells
relative to controls. Because 53BP1 and yH2AX sub-
nuclear localization is practically coincident, cells were
simultaneously probed with antibodies recognizing
53BP1 to mark damage sites independent of phosphoryl-
ation status (30) (Figure 1A). As expected, control cells
showed almost complete co-localization of YH2AX and
53BP1 signal before phosphatase treatment (Figure 1B,
merged). In phosphatase-treated cells, we observe a
nearly complete loss of YH2AX signal after treatments,
indicating robust phosphatase activity on H2AX-S139
in situ (Figure 1B, right). Residual yYH2AX signal was
detectable, but only marginally above background, and
was ~100-fold less intense than controls (Figure 1B,
bottom 3D plots). In contrast, and as expected, the
phosphorylation-independent recognition of 53BP1 by
its antibody was not perturbed by phosphatase treatments
(Figure 1B). Given that cellular proteins are cross-linked

in fixed cells, and 53BP1 binds histones H4 and/or H3
(30,31), it is not unexpected that these foci are insensitive
to phosphatase treatments. These data show that the S139
of YH2AX is accessible to exogenous enzymes and is not
sterically blocked by chromatin structures, cross-linking
or the presence of proteins such as MDCI, which
directly binds YH2AX (6,32).

DNA-PK autonomously generates YH2AX foci on
damaged chromatin

Phosphatase activity on YH2AX in fixed chromatin sug-
gested that executing biochemical reactions on these mol-
ecules might be possible. Therefore, we next evaluated
kinase activity on H2AX by incubating purified kinases
with fixed cells that were pretreated with phosphatases.
Dephosphorylation of cellular proteins by these treat-
ments rendered H2AX-S139, and presumably all other
phosphorylated serines and threonines, suitable kinase
substrates. Before kinase reactions, the phosphatases
were inactivated and removed by serial washes with
buffer containing phosphatase inhibitors. The resulting
dephosphorylated fixed cells were used as substrates for
all subsequent in situ kinase reactions.

ATM, ATR and DNA-PK are active H2AX kinases in
mammalian cells (17-19), but only DNA-PK is a highly
abundant and readily purified soluble enzyme in human
cells, a condition that is mimicked by our biochemical
assays (33). We therefore investigated DNA-PK kinase
activity on H2AX within fixed chromatin. Purified
human DNA-PK was added to dephosphorylated cells
using established in vitro kinase reaction conditions (28).
DNA-PK reaction products were detected using
antibodies recognizing YH2AX, and DNA damage sites
were visualized by co-staining with 53BP1 antibodies.
(Figure 1C). In situ DNA-PK activity was evident as
striking increase in the YH2AX signal relative to the phos-
phatase-treated cells, while 53BPl staining was not
changed (Figure 1C). Surprisingly, in situ DNA-PK
kinase activity was almost entirely restricted to sites
marked by 53BP1—the sites in chromatin where H2AX
had been previously phosphorylated in vivo (Figure 1C,
compare merged images). To assess the extent of in situ
H2AX phosphorylation by DNA-PK relative to in vivo
kinases, we visualized immunofluorescent signal intensities
in the third dimension (Figure 1D). In addition to
reconstituting localization, in situ DNA-PK reactions
reconstituted signal intensities comparable with that seen
from in vivo kinase activities with the co-localized 53BP1
showing no changes (Figure 1D and E). To ensure that the
observed kinase activity was inherent to DNA-PK and not
from a chromatin-bound kinase such as ATM, we carried
out reactions lacking DNA-PK or the DNA-binding
subunit (Ku70/80) (Figure 1F). These incomplete reac-
tions containing Mg-ATP were indistinguishable from
phosphatase-treated cells and showed no kinase activity
(Figure 1F). These data show that DNA-PK holoenzyme
is required and sufficient for the observed in situ phos-
phorylation of H2AX. Remarkably, the addition of only
purified active DNA-PK to fixed cells faithfully
recapitulated in vivo H2AX phosphorylation patterns
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and intensities independent of any active cellular processes
(Figure 1C-F).

Localized H2AX context does not account for focal
DNA-PK Activity

The reconstitution of YH2AX foci by exogenously added
DNA-PK could be due to a number of factors including a
localized exposure or modification of H2AX specifically at
DNA-damage sites or local recruitment of DNA-PK by
proteins fixed at damage sites. Any cellular process that
established a localized H2AX ‘status’ or context making
H2AX a DNA-PK substrate only proximal to breaks
would account for the aforementioned observations. To
begin testing these possibilities, we investigated whether
break-localized exposure of H2AX-tails (Ser139) within
damaged chromatin could account for localized
DNA-PK activity. Human fibroblasts were irradiated
and fixed at various time points up to 5 days after irradi-
ation, then probed with antibodies recognizing unphos-
phorylated H2AX-tails. In contrast to the focal staining
patterns of YH2AX, we observed pan-nuclear staining
for H2AX-tails in both irradiated and control cells
(Figure 2A). H2AX-tail staining completely lacked the
focal pattern seen with YH2AX in damaged cells and did
not notably change over time (Figure 2A). Although
H2AX-tail staining showed small local variations in inten-
sity, there was no apparent correlation between these
slight variations and damage sites. Moreover, in contrast
to YH2AX, the average signal intensity of H2AX-tail per
nucleus did not change significantly under any condition
tested (Figure 2B). These data are most consistent with the
H2AX-S139 residue modified by DNA-PK being exposed
throughout chromatin and not uniquely exposed at
damage sites. Moreover, the exposure of H2AX-tails
across the genome does not significantly change within
5 days following radiation-induced DNA damage.
Therefore, changes in H2AX-S139 exposure at DNA
damage sites does not appear to be responsible for
localized DNA-PK kinase activity in situ.

Breaks in chromatin autonomously activate H2AX
phosphorylation by DNA-PK

The preceding data show that H2AX-tails were exposed
throughout chromatin in our assays but do not indicate
that exposed H2AX-tails are suitable DNA-PK sub-
strates. It remains possible that other histone modifica-
tions or proteins localized to breaks before fixation are
responsible for the observed in situ localized DNA-PK
activity. Alternatively, it is possible that in situ reconstitu-
tion of YH2AX foci by DNA-PK result from local allo-
steric activation of DNA-PK via binding to DNA termini
(34-36). We reasoned that if local kinase activation by
DNA DSBs were responsible for YH2AX foci reconstitu-
tion, then introduction of new DSBs into the genome
should alter YH2AX in situ phosphorylation patterns.
Conversely, if cellular processes such as protein modifica-
tion or localization were responsible for local DNA-PK
activity, then introduction of breaks into chromatin in
fixed cells should not alter YH2AX patterns in fixed

cells. To test these ideas, we incubated dephosphorylated
fixed cells with the sequence-independent micrococcal
nuclease and DNAse I as well as the restriction enzyme
Rsal. Nuclease treatments before kinase reactions caused
striking increases and complete delocalization of
DNA-PK kinase activity on chromatin without altering
53BP1 patterns (Figure 2C). These distinct changes in
YH2AX patterns could only be due to physical changes
in chromatin, as no biological activity was occurring at
the time of kinase reactions. Quantification of in situ
vyH2AX signal intensities in nuclease-treated cells reveals
a rough correlation between YH2AX signal and the
expected number of DSBs for various nucleases
(Figure 2D). The robust kinase activity clearly shows
that DNA-PK activity on H2AX is not limited by
enzyme concentration, local H2AX context or in situ
reaction conditions and that other factor(s) localize
DNA-PK activity. Pan-nuclear H2AX phosphorylation
after nuclease treatments is consistent with allosteric
activation of DNA-PK by DNA ends being responsible
for the location of yYyH2AX phosphorylation in situ.
These data are consistent with an autonomous recognition
of DNA breaks in chromatin by DNA-PK that
activated the kinase to phosphorylate proximal H2AX
molecules.

Activation of DNA-PK by DNA ends regulates YH2AX
phosphorylation in situ

The aforementioned nuclease treatments significantly
stimulated DNA-PK activity resulting in pan-nuclear
H2AX phosphorylation. However, in addition to
introducing numerous DNA breaks, these treatments
may have also altered chromatin structures (Figure 2C
and D). To discern whether the DNA termini or the dis-
ruption of chromatin were responsible for pan-nuclear
phosphorylation of H2AX, DNA-PK kinase reactions
were carried out with the addition of double-stranded
DNA oligonucleotides. We reasoned that addition of
excess soluble DNA termini would activate DNA-PK
kinase but not perturb the chromatin structures or
H2AX status. Thus, a reconstitution of YH2AX foci in
these reactions would indicate that substrate and/or sub-
strate context dictated spatially restricted H2AX phos-
phorylation by DNA-PK. Conversely, indiscriminant
phosphorylation of H2AX would indicate that H2AX-
tails are exposed and suitable DNA-PK substrates
throughout chromatin; as a corollary, the DNA-PK
activity observed in our assays was owing to
localized allosteric activation of DNA-PK kinase by
DNA ends.

Like the nuclease treatments described earlier in the
text, reactions containing a molar excess of oligonucleo-
tide DNA showed extremely high levels of pan-nuclear
H2AX  phosphorylation (Figure 2E, top left).
Exponentially decreasing amounts of oligonucleotides
were tested for DNA-PK activation and yH2AX
staining patterns. At all concentrations tested, DNA-PK
activity was observed throughout the nucleus as
pan-nuclear rather than focal staining (Figure 2E).
Quantification of the immunofluorescent signal intensity
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per nucleus revealed a linear relationship between the
oligonucleotide concentration and YH2AX signal,
whereas  53BP1  signal showed mno correlation
(Figure 2F). These data show that (i) H2AX-tails are
exposed and suitable DNA-PK substrates throughout
chromatin; (ii) modification of H2AX by DNA-PK is
independent of break-localized proteins or any local
modifications of H2AX or chromatin environments;
and (iii) allosteric activation of DNA-PK by DNA
termini is sufficient for H2AX phosphorylation in
chromatin, and no active cellular processes are required.

Kinase substrate specificity is retained in situ

Enzymatic activities, including kinases, can be unnaturally
promiscuous when under in vitro biochemical reaction
conditions. To test enzyme specificity in our in situ reac-
tions, we carried out assays with a second related but
distinct enzyme/substrate set. Human Aktl/PKB (here-
after Aktl) is a member of the AGC enzyme family of
serine-threonine protein kinases that phosphorylates
numerous substrates involved in cell proliferation and
survival including the mitochondrial glycogen synthase
kinase B [GSK-3B, reviewed in (37)]. Aktl acts
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downstream of DNA-PK in the DNA damage response,
and one isoform of Aktl localizes and interacts with
DNA-PK at DNA breaks (38). In addition, DNA-PK is
required for damage-induced phosphorylation of Aktl at
a specific residue (39,40). For this context, it is important
to note that the GSK-3B substrate is fixed in the
mitochondria, whereas H2AX is fixed in the nucleus in
our assays, but all cellular substrates are exposed to the
added purified kinases.

To assess the general applicability of in situ kinase
assays and evaluate in situ enzyme specificity, reactions
with Aktl and its cognate substrate GSK-3f were
carried out on fixed cells. Before in situ kinase reactions,

A In Vivo

Phosphatase

phosphates on serines and threonines were removed by
treatment with phosphatases as aforementioned. Like
vyH2AX, staining of in vivo phosphorylated GSK-3f3 was
practically abolished by phosphatase treatments, and as
expected, dephosphorylated GSK-3 was not phosphory-
lated by exogenously added DNA-PK (Figure 3A).
However, when cells were reacted with purified human
Aktl and probed with antibodies that recognize
phospho-GSK-3B, in situ Aktl kinase activity was
plainly evident as reconstituted perinuclear and cytoplas-
mic staining of phospho—GSK-3p (Figure 3B). To test
for substrate cross-reactivity, these same reactions were
probed with antibodies recognizing YH2AX. These data

In Situ DNA-PK Kinase

C In Vivo

In Vivo PPase In Situ PK

Figure 3. DNA-PK and Aktl retain substrate specificity in situ. Fixed primary human fibroblasts either untreated (left panels), subjected to phos-
phatase treatment (middle panels) or dephosphorlated and reacted with kinases (right panels). Dephosporylated cells were treated with active human
(A) DNA-PK or (B) recombinant human Aktl and probed for phospho-GSK3f (yGSK3p red), YH2AX (green) and counterstained for DNA with
DAPI (gray scale) as indicated. Standard in situ kinase reactions were carried out on fixed and dephosphorylated fibroblast cells and probed for
(C) phospho-ATF2 (YATF2, red) and 53BP1 (green), or (D) phospho-SMC1 (ySMCI, green) and 53BP1 (red). The two-channel overlays are shown

to evaluate localization to DNA damage sites in both cases (merge).



show that like DNA-PK, Aktl retained substrate-specific
kinase activity, and no yYH2AX signal reconstitution was
observed (Figure 3B). Consistent with known specificities
of these kinases, the patterns of Aktl and DNA-PK
kinase activities were spatially and constitutionally
distinct and showed no overlap in situ. These experiments
establish that in situ biochemical kinase reactions can be
carried out with various enzymes/substrates, and that
these enzymes retain substrate specificity.

ATF2 is not phosphorylated by DNA-PK at DNA
damage sites

Unambiguously determining PIKK on substrate specifi-
city in vivo can prove difficult, in part owing to the signifi-
cant substrate overlap between ATM, ATR and DNA-PK
and the fact that similar stimuli activate these kinases (i.c.
DNA damage). In addition, there are little data available
that describe how these three kinases influence the others’
activities. Further confounding these issues are single-site
phospho-antibodies and the complexities of isolating a
single PIKK kinase activity in living cells. Such experi-
ments typically involve some combination of genetic
defects, siRNA depletion and chemical inhibitor treat-
ments to block the other PIKK kinases (41-43). Here,
we exploit the novel ability of our in situ assays to
directly probe an individual PIKK activity (DNA-PK)
on substrates in the context of chromatin. These assays
directly address the biochemical capabilities of DNA-PK
on three dimensionally organized chromatin substrates
and the associated DNA repair proteins in the context
of DNA damage foci, an approach not possible before
this work.

The ATF2 is a dual function transcriptional activator
and DNA damage response protein (44). Like the other
proteins discussed here, ATF2 localizes to sites of DNA
damage and is phosphorylated at damage foci within the
nucleus (45). ATM is required for ATF2 phosphorylation
in vivo, and these modifications are important for function
in DNA damage responses, cell cycle arrest and radiation
resistance (45-47). To assess whether DNA-PK
recognized and phosphorylated ATF2 at sites of
damage, we carried out in situ DNA-PK assays and
probed for phospho-ATF2 (Figure 3C). We find that
like GSK-3B, DNA-PK does not phosphorylate ATF2
at sites of DNA damage, in sharp contrast to the robust
DNA-PK activity on its native YH2AX substrate. These
data show that substrate proximity to DNA breaks and
active DNA-PK are not sufficient for phosphorylation at
serines and threonines and that DNA-PK retains substrate
specificity.

SMC1 is rcognized and phosphorylated by DNA-PK
on chromatin

To further investigate DNA-PK substrate specificity
with these assays, we chose to evaluate DNA-PK
activity on SMCI1. SMCI is another protein that is
phosphorylated in response to DNA damage proximal
to DNA breaks in cells (48,49). ATM and ATR phosphor-
ylate SMC1 on serine 966 and 957 in response to DNA
damage, and these modifications are reported to be largely
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independent of DNA-PK (41). Furthermore, phosphoryl-
ation of SMC1 by ATM is the basis for assays that detect
ATM deficiencies in humans (50,51). However, another
study reports that viral infections prompted SMC1 phos-
phorylation that is DNA-PK-dependent and largely
ATM/ATR independent (42). In addition, other studies
indicate that SMCI is linked to DNA-PK physically via
a novel accessory protein that regulates both ATM and
DNA-PK kinase activities (52,53). Despite these
conflicting results, phosphorylation of SMCI1 at S957
and S966 in response to DNA damage is generally
ascribed to ATM and ATR kinase activity, and DNA-
PK is usually not considered a relevant SMC1 kinase
[reviewed in (54)].

To directly address these seemingly contradictory
issues, we carried out foci reconstitution assays with
DNA-PK and probed for SMCI phosphorylation. In
contrast to the results with ATF2 and GSK-3p, SMCl1
was recognized and phosphorylated by DNA-PK at sites
of damage on human chromatin (Figure 3D). Although in
situ assays cannot directly address the full complexity of
in vivo substrate/kinase interactions, these assays are
useful indicators of biochemical capability, specificity
and selectivity of kinase activity on contextually relevant
substrates. Taken together, these results indicate that
DNA-PK retains substrate selectivity in situ, and that
SMCI1 but not ATF2 is a DNA-PK substrate at sites of
DNA damage in human chromatin.

DNA termini at YH2AX foci are altered by cellular
processes over time

We next applied our in situ biochemical approach to in-
vestigate the nature of DNA termini at DNA damage foci
at various times after DNA damage. Although the
temporal phenomenon of fewer and larger YH2AX/
53BP1 foci being observed over time is well-established
(8,55,56), the existence of DNA DSBs at persistent
YH2AX foci has been inferred but not demonstrated
(57). Because in situ DNA-PK activity requires DNA
termini, we used DNA-PK activity to probe fixed chroma-
tin for DNA termini at persistent YH2AX foci. As
described earlier in the text, DNA-PK faithfully
reconstituted YH2AX foci in fixed cells at early times
after irradiation (Figures 1 and 4A). In contrast,
however, visual inspection reveals that both the intensity
and frequency YH2AX foci reconstitution are markedly
reduced or absent in cells after ~72h following damage
(Figure 4A and B). Quantification of YH2AX and 53BP1
foci size over time shows the clear increase in foci size over
time as previously reported (8,55,56) (Figure 4C). In
contrast to 53BP1 and the in vivo phosphorylated
H2AX, the size of reconstituted YH2AX foci that are de-
tectable at late time points was markedly smaller
(Figure 4A—C). These data suggest that the temporal
changes in YH2AX foci size and number are accompanied
by a change in the nature and/or context of DNA termini
within these foci. Notably, the loss or diminishment of
DNA-PK activity at late foci suggests that bona fide
DNA termini may not be present within persisting DNA
damage foci. Alternatively, if breaks are present, the
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Figure 4. Persistent DNA damage foci fail to activate the DNA-PK. (A) HCA2 cells were fixed at noted time after X-irradiation (10 Gy) and
subjected to in situ DNA-PK kinase assays with reaction products visualized with YH2AX (green) or 53BP1 (red) immunofluorescent staining. (B)
Images captured under identical conditions of experiments in panel ‘A’ were plotted in three dimensions to reveal the relative in vivo and in situ
vH2AX signal intensities. (C) The area of all of the discrete foci in panel ‘A’ was quantified, and the average foci area in pixels was plotted as a
function of time. (D) Mechanistic model for localized H2AX phosphorylation by DNA-PK on chromatin at DNA DSBs. A single locally unwound
DNA break is illustrated with translational motion depicted as fading lines within the sphere of DNA-PK kinase activity (green shading). DNA-PK
is shown bound to the mobile DNA termini (green circle). Other damage-responsive molecules are represented binding epitopes exposed on chro-
matin unwinding (red circles, lower strand only). Dimensions of B-form DNA and 10-nm fiber required to span foci radius of 0.25uM and
approximate DNA content of foci volume are indicated (DNA content calculation assumes even DNA distribution within an average human

nucleus).

termini are in a form that largely fails to activate DNA-
PK kinase activity, possibly owing to changes in the
nature of the terminus and/or chromatin/heterochromatin
states as recently reported for slowly repaired DNA
breaks (58).

DISCUSSION

The mechanism(s) for the spatial restriction of histone
H2AX phosphorylation and the existence of bona fide
DSBs at persistent YH2AX foci have remained largely un-
resolved questions (57). The relative roles of the three
PIKKSs in modifying substrates in vivo is not directly
addressed here; however, in situ assays are a novel
means to directly probe the mechanisms and biochemical
capabilities of PIKKSs in a cellular context. Here, we have
applied this in situ biochemical approach to investigate
modification of H2AX and other substrates by
DNA-PK in chromatin, free of intracellular redundancy
for PIKK kinases (15). Surprisingly, DNA-PK autono-
mously phosphorylated H2AX and SMCI1 on fixed

chromatin specifically reconstituting foci at sites that
were phosphorylated in vivo (i.e. sites marked by
53BP1). Introduction of DNA breaks within chromatin
or inclusion of exogenous DNA resulted in genome-wide
H2AX modification (Figure 2). These in situ results
indicate that H2AX tails were exposed and suitable
DNA-PK substrates throughout chromatin and closely
mimic in vivo observations with hyper-activated ATR
kinase (59). Phosphorylation of H2AX by DNA-PK was
neither dependent on the nature of H2AX at break
sites nor did it require the localization of other proteins
or any active cellular process. In addition, proximity of
PIKK substrates to active DNA-PK was not sufficient for
phosphorylation, as SMC1 but not ATF2 was modified by
DNA-PK at damage sites in chromatin. Collectively, these
data reveal an autonomous mechanism by which struc-
tural aspects of damaged chromatin and allosteric regula-
tion of DNA-PK can account for localized modification
of proteins that are visualized as sub-nuclear foci.

In considering such autonomous activity, we suggest a
mechanistic model where DNA DSBs uniquely permit



rotational and translational movements in chromatin
DNA that cause an immediate local unwinding of chro-
matin structure at DNA DSBs (Figure 4D). The nature
and extent of this unwinding would be inherent to higher
order chromatin organization and structures. The
liberated termini would then freely diffuse in a volume
dictated by the length of the ‘unwound’ region and its
tethering to the Ilarger intact chromatin structure.
DNA-PK activity would be limited to H2AX and other
proteins/substrates within the volume that the tethered
DNA ends could reach. The movement of these DNA
termini is by definition proximal to the break and the re-
sulting spatial restriction of DNA-PK activity would
result in break-localized protein modification visualized
as sub-nuclear foci (Figure 4D).

Only DNA-PK is directly activated by DNA termini
(25,60), but break-localized YH2AX foci occur in organ-
isms wholly lacking DNA-PK and in mammalian cells
deficient for DNA-PK (18,61). Therefore, mechanisms in-
dependent of DNA-PK activity and DNA-termini must be
functional in localized H2AX phosphorylation in inverte-
brates and mammals. Considering these facts, we envision
a more generalized DNA-damage signaling model.
A break in the DNA ‘thread’ releases torsional and trans-
lational constraints resulting in a limited unraveling of
chromatin. This conformational change in chromatin
exposes sequestered allosteric activators and interfaces,
including DNA termini. Break-responsive proteins like
DNA-PK immediately recognize, bind and/or become
activated by association with cognate-binding interfaces
and again are spatially restrained by the limited motion
of the tethered DNA strands and the extent of unwinding
(Figure 4D). Alternatively, ATM and ATR may function
by entirely different mechanisms, and this model may only
be relevant to DNA-PK. Regardless, such a mechanism
based on chromatin structure would facilitate many
parallel, simultaneous and autonomous responses; each
queuing on different molecular interfaces, but all immedi-
ately, locally and independently respond to DNA breaks.

Much of what is known about mammalian DNA
damage responses and relevant proteins is entirely consist-
ent with this proposed mechanism. First, damage foci are
formed in cells lacking DNA-PK, ATM, Mrell/Rad50/
NBS1 or H2AX itself (6,62—64), indicating independent
parallel responses rather than a linear biochemical
pathway. Microscopic observations reveal ‘unwinding’ as
decondensed 10-nm fibers at repair foci, which may be
limited by periodic chromatin anchoring points occurring
5-100 kb apart (65-69). Consistent with established
dimensions, ~10 kb of 10-nm fiber would facilitate a
sphere of kinase activity corresponding to a typical
YH2AX foci size of 0.25-0.5 um?, with a corresponding
volume containing ~1-2 Mbp of DNA (55). Furthermore,
modification of H2AX based on spatial proximity rather
than linear expansion would account for the dis-
continuities observed in YH2AX along the megabases
proximal to DNA breaks (70,71). Considering the steric
limitations of a DNA terminus, the thousands of individ-
ual proteins visualized at ‘damage-induced foci’ are more
likely distributed along regions of decondensed chromatin
and associated with interfaces other than the terminus
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itself (Figure 4D). In fact, binding to chromatin interfaces
other than the DNA termini are established for both the
53BP1 and MDCI proteins that bind methylated histone
H4 and YH2AX, respectively (30,72). Likewise, the activa-
tion of ATM in the absence of DNA termini/breaks and
recruitment of proteins to damage sites via protein—
protein interactions are entirely consistent with our
proposed mechanism (73,74).

Apart from the generalized implications of this mech-
anism for other kinases, our data show that DNA-PK can
autonomously recognize DNA termini in chromatin and
become activated to phosphorylate H2AX. The reconsti-
tution of YH2AX foci in fixed cells indicates that
break-localized DNA-PK activity is independent of
active cellular processes and inherent to DNA-PK and
chromatin. We propose that these observations reflect a
novel mechanism for break-localized chromatin modifica-
tion based entirely on the biophysical properties of
DNA-PK and chromatin (Figure 4D). Given the
autonomy of this activity, the abundance of DNA-PK,
and its affinity for DNA termini (K, ~ 107'°/M) (25), it
is likely that allosteric activation of DNA-PK at break
sites accounts for localized DNA-PK-mediated phosphor-
ylation of proteins in living cells. An additional implica-
tion of this model is that DNA-PK bound to a single
terminus could actively phosphorylate any number of
proximal substrates in cis to initiate DNA-damage signal-
ing, whereas the two termini would have to meet in space
to facilitate DNA-PK auto-phosphorylation in trans.
Such auto-phosphorylation of DNA-PK facilitates
Artemis nuclease activity and brings about a conform-
ational change in DNA-PK important for continued
repair by the XRCC4-DNA Ligase IV complex
(27,75,76). As a corollary to this line of reasoning, chro-
matin conformations that limit the meeting of the termini
in space would disfavor repair. Although speculative, the
residence of persisting DNA breaks in regions of hetero-
chromatin (77) and the increased size of YH2AX foci at
later time points (8,55,56) could be linked phenomena that
can be rationalized by our proposed mechanistic model.

Unlike the universal importance of ATM in recognition
and signaling of eukaryotic DNA damage, DNA-PK
functions are unique to vertebrates. Exactly which
aspects of vertebrate DNA repair processes have selected
for the addition of DNA-PK remains unclear. These func-
tions may simply be added layers of genome surveillance
and repair to safeguard mammalian genomes for decades
as opposed to days or months. Alternatively, the added
DNA-PK functions may go hand-in-hand with the evolu-
tion of more complex chromatin organization that
together ensures genetic integrity for decades. In any
case, the formation of damage-induced sub-nuclear foci
in living cells is independent of ATM, DNA-PK, H2AX
or any known single gene product. This parallel redun-
dancy in mammalian DNA repair processes has posed
challenges to understanding specific mechanisms of
DNA damage responses using traditional methods.
Here, we have developed in situ biochemical assays to
isolate the mechanism of DNA-PK kinase activity on
chromatin substrates. We find that break-localized modi-
fication of H2AX in chromatin by DNA-PK relies on
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allosteric activation by DNA-termini but is otherwise bio-
chemically autonomous. The encoding of DNA damage
signaling into higher order chromatin structure could
be an elegant means to facilitate immediacy, redundancy,
locality and autonomy for the many complex mammalian
DNA repair processes. The ability to consider structural
and spatial aspects of biochemistry in a cellular context
may allow for novel insights into many cellular processes.
Further in situ biochemical investigations may prove
powerful additions to genetic and molecular techniques
in deciphering the spatial and structural components of
the complex cellular mechanisms of DNA repair and
other cellular processes.

ACKNOWLEDGEMENTS

The authors thank John Tainer, Judith Campisi, Albert
Davalos, Jill Fuss, Janice Pluth, Francis Rodier and Irene
Chiolo for helpful discussions and comments regarding
this work and David Knowles for assistance with image
quantification and three dimensional intensity displays.

FUNDING

National Institute of Health [CA104660]; US Department
of Energy Office of Science under contract number
[DE-AC02-05CH11231 to S.M.Y];, NCI Transition
Career Development Award to Promote Diversity (K22)
[ITK22CA163969-01 to D.P.M.]. Funding for open access
charge: US Department of Energy Office of Science under
contract number [DE-AC02-05CH11231].

Conflict of interest statement. None declared.

REFERENCES

1. Luger,K., Rechsteiner,T.J., Flaus,A.J., Waye,M.M. and
Richmond,T.J. (1997) Characterization of nucleosome core
particles containing histone proteins made in bacteria. J. Mol.
Biol., 272, 301-311.

2. Fernandez-Capetillo,O., Lee,A., Nussenzweig,M. and
Nussenzweig,A. (2004) H2AX: the histone guardian of the
genome. DNA Repair (Amst), 3, 959-967.

3. Rogakou,E.P., Pilch,D.R., Orr,A.H., Ivanova,V.S. and
Bonner,W.M. (1998) DNA double-stranded breaks induce histone
H2AX phosphorylation on serine 139. J. Biol. Chem., 273,
5858-5868.

4. Bekker-Jensen,S. and Mailand,N. (2010) Assembly and function
of DNA double-strand break repair foci in mammalian cells.
DNA Repair (Amst), 9, 1219-1228.

5. Bekker-Jensen,S., Lukas,C., Melander,F., Bartek,J. and Lukas,J.
(2005) Dynamic assembly and sustained retention of 53BP1 at the
sites of DNA damage are controlled by Mdcl/NFBDI. J. Cell
Biol., 170, 201-211.

6. Kinner,A., Wu,W., Staudt,C. and Iliakis,G. (2008) Gamma-H2AX
in recognition and signaling of DNA double-strand breaks in the
context of chromatin. Nucleic Acids Res., 36, 5678-5694.

7. Costes,S. V., Boissiere,A., Ravani,S., Romano,R., Parvin,B. and
Barcellos-Hoff, M.H. (2006) Imaging features that discriminate
between foci induced by high- and low-LET radiation in human
fibroblasts. Radiat. Res., 165, 505-515.

8. Yamauchi,M., Oka,Y., Yamamoto,M., Niimura,K., Uchida,M.,
Kodama,S., Watanabe,M., Sekine,I., Yamashita,S. and Suzuki,K.
(2008) Growth of persistent foci of DNA damage checkpoint
factors is essential for amplification of G1 checkpoint signaling.
DNA Repair, 7, 405-417.

13.

15.

16.

17.

18.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

.d’Adda di Fagagna.F., Reaper,P.M., Clay-Farrace,L., Fiegler,H.,

Carr,P., Von Zglinicki,T., Saretzki,G., Carter,N.P. and
Jackson,S.P. (2003) A DNA damage checkpoint response in
telomere-initiated senescence. Nature, 426, 194-198.

. Jeyapalan,J.C., Ferreira,M., Sedivy,J.M. and Herbig,U. (2007)

Accumulation of senescent cells in mitotic tissue of aging
primates. Mech. Ageing Dev., 128, 36-44.

. Reaper,P.M., di Fagagna,F. and Jackson,S.P. (2004) Activation of

the DNA damage response by telomere attrition: a passage to
cellular senescence. Cell Cycle, 3, 543-546.

. Rodier,F., Coppe,J.P., Patil,C.K., Hoeijmakers,W.A.,

Munoz,D.P., Raza,S.R., Freund,A., Campeau,E., Davalos,A.R.
and Campisi,J. (2009) Persistent DNA damage signalling triggers
senescence-associated inflammatory cytokine secretion. Nat. Cell
Biol., 11, 973-979.

Fernandez-Capetillo,O., Chen,H.T., Celeste,A., Ward,I.,
Romanienko,P.J., Morales,J.C., Naka,K., Xia,Z.,
Camerini-Otero,R.D., Motoyama,N. et al. (2002) DNA
damage-induced G2-M checkpoint activation by histone H2AX
and 53BP1. Nat. Cell Biol., 4, 993-997.

.d’Adda di Fagagna,F., Teo,S.H. and Jackson,S.P. (2004)

Functional links between telomeres and proteins of the
DNA-damage response. Genes Dev., 18, 1781-1799.
Nakamura,A.J., Rao,V.A., Pommier,Y. and Bonner,W.M. (2010)
The complexity of phosphorylated H2AX foci formation and
DNA repair assembly at DNA double-strand breaks. Cell Cycle,
9, 389-397.

Shiloh,Y. (2003) ATM and related protein kinases: safeguarding
genome integrity. Nat. Rev. Cancer, 3, 155-168.

Burma,S., Chen,B.P., Murphy,M., Kurimasa,A. and Chen,D.J.
(2001) ATM phosphorylates histone H2AX in response to DNA
double-strand breaks. J. Biol. Chem., 276, 42462-42467.

Stiff, T., O’Driscoll,M., Rief,N., Iwabuchi,K., Lobrich,M. and
Jeggo,P.A. (2004) ATM and DNA-PK function redundantly to
phosphorylate H2AX after exposure to ionizing radiation.
Cancer Res., 64, 2390-2396.

. Ward,I.M. and Chen,J. (2001) Histone H2AX is phosphorylated

in an ATR-dependent manner in response to replicational stress.
J. Biol. Chem., 276, 47759-47762.

Anderson,C.W. and Lees-Miller,S.P. (1992) The nuclear serine/
threonine protein kinase DNA-PK. Crit. Rev. Eukaryot. Gene
Expr., 2, 283-314.

YangJ., Yu,Y., Hamrick,H.E. and Duerksen-Hughes,P.J. (2003)
ATM, ATR and DNA-PK: initiators of the cellular genotoxic
stress responses. Carcinogenesis, 24, 1571-1580.

Derheimer,F.A. and Kastan,M.B. (2010) Multiple roles of ATM
in monitoring and maintaining DNA integrity. FEBS Lett., 584,
3675-3681.

Lavin,M.F. (2005) How important is ATM? Radiat. Res., 163, 704.
Bensimon,A., Aebersold,R. and Shiloh,Y. (2011) Beyond ATM:
the protein kinase landscape of the DNA damage response.
FEBS Lett., 585, 1625-1639.

Dynan,W.S. and Yoo0,S. (1998) Interaction of Ku protein and
DNA-dependent protein kinase catalytic subunit with nucleic
acids. Nucleic Acids Res., 26, 1551-1559.

Bassing,C.H. and Alt,F.W. (2004) The cellular response to general
and programmed DNA double strand breaks. DNA Repair, 3,
781-796.

Dobbs,T.A., Tainer,J.A. and Lees-Miller,S.P. (2010) A structural
model for regulation of NHEJ by DNA-PKcs
autophosphorylation. DNA Repair, 9, 1307-1314.
Yannone,S.M., Roy.S., Chan,D.W., Murphy,M.B., Huang,S.,
Campisi,J. and Chen,D.J. (2001) Werner syndrome protein is
regulated and phosphorylated by DNA-dependent protein kinase.
J. Biol. Chem., 276, 38242-38248.

Povirk,L.F., Zhou,T., Zhou,R., Cowan,M.J. and Yannone,S.M.
(2007) Processing of 3’-phosphoglycolate-terminated DNA double
strand breaks by Artemis nuclease. J. Biol. Chem., 282, 3547-3558.
Botuyan,M.V., Lee,J., Ward,I.M., Kim,J.E., Thompson,J.R.,
Chen,J. and Mer,G. (2006) Structural basis for the methylation
state-specific recognition of histone H4-K20 by 53BP1 and Crb2
in DNA repair. Cell, 127, 1361-1373.

Huyen,Y., Jeffrey,P.D., Derry,W.B., Rothman,J.H.,
Pavletich,N.P., Stavridi,E.S. and Halazonetis, T.D. (2004)



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Structural differences in the DNA binding domains of human p53
and its C. elegans ortholog Cep-1. Structure, 12, 1237-1243.
Stewart,G.S., Wang,B., Bignell,C.R., Taylor,A.M. and Elledge,S.J.
(2003) MDCI is a mediator of the mammalian DNA damage
checkpoint. Nature, 421, 961-966.

Chan,D.W., Son,S.C., Block,W., Ye,R., Khanna, K. K.,
Wold,M.S., Douglas,P., Goodarzi,A.A., Pelley,J., Taya,Y. et al.
(2000) Purification and characterization of ATM from human
placenta. A manganese-dependent, wortmannin-sensitive serine/
threonine protein kinase. J. Biol. Chem., 275, 7803-7810.
Lees-Miller,S.P. and Anderson,C.W. (1989) The human
double-stranded DNA-activated protein kinase phosphorylates the
90-kDa heat-shock protein, hsp90 alpha at two NH2-terminal
threonine residues. J. Biol. Chem., 264, 17275-17280.
Jackson,S.P., MacDonald,J.J., Lees-Miller,S. and Tjian,R. (1990)
GC box binding induces phosphorylation of Spl by a
DNA-dependent protein kinase. Cell, 63, 155-165.

Dvir,A., Peterson,S.R., Knuth, M.W., Lu,H. and Dynan,W.S.
(1992) Ku autoantigen is the regulatory component of a
template-associated protein kinase that phosphorylates RNA
polymerase II. Proc. Natl. Acad. Sci. USA, 89, 11920-11924.
Franke,T.F. (2008) PI3K/Akt: getting it right matters. Oncogene,
27, 6473-6488.

Bozulic,L., Surucu,B., Hynx,D. and Hemmings,B.A. (2008)
PKBalpha/Aktl acts downstream of DNA-PK in the DNA
double-strand break response and promotes survival. Mol. Cell,
30, 203-213.

Park,J., Feng,J., Li,Y., Hammarsten,O., Brazil,D.P. and
Hemmings,B.A. (2009) DNA-dependent protein kinase-mediated
phosphorylation of protein kinase B requires a specific
recognition sequence in the C-terminal hydrophobic motif.

J. Biol. Chem., 284, 6169-6174.

Surucu,B., Bozulic,L., Hynx,D., Parcellier,A. and Hemmings,B.A.
(2008) In vivo analysis of protein kinase B (PKB)/Akt regulation
in DNA-PKcs-null mice reveals a role for PKB/Akt in DNA
damage response and tumorigenesis. J. Biol. Chem., 283,
30025-30033.

Tomimatsu,N., Mukherjee,B. and Burma,S. (2009) Distinct roles
of ATR and DNA-PKcs in triggering DNA damage responses in
ATM-deficient cells. EMBO Reports, 10, 629-635.

Schwartz,R.A., Carson,C.T., Schuberth,C. and Weitzman,M.D.
(2009) Adeno-associated virus replication induces a DNA damage
response coordinated by DNA-dependent protein kinase. J. Virol.,
83, 6269-6278.

Sarkaria,J.N., Tibbetts,R.S., Busby,E.C., Kennedy,A.P., Hill,D.E.
and Abraham,R.T. (1998) Inhibition of phosphoinositide 3-kinase
related kinases by the radiosensitizing agent wortmannin. Cancer
Res., 58, 4375-4382.

Bhoumik,A., Lopez-Bergami,P. and Ronai,Z. (2007) ATF2 on the
double - activating transcription factor and DNA damage
response protein. Pigment Cell Res., 20, 498-506.

Bhoumik,A., Takahashi,S., Breitweiser,W., Shiloh,Y., Jones,N.
and Ronai,Z. (2005) ATM-dependent phosphorylation of

ATF2 is required for the DNA damage response. Mol. Cell, 18,
577-587.

Li,S., Ezhevsky,S., Dewing,A., Cato,M.H., Scortegagna,M.,
Bhoumik,A., Breitwieser,W., Braddock,D., Eroshkin,A., Qi,J.

et al. (2010) Radiation sensitivity and tumor susceptibility in
ATM phospho-mutant ATF2 Mice. Genes Cancer, 1, 316-330.
Ronai,Z., Yang,Y.M., Fuchs,S.Y., Adler,V., Sardana,M. and
Herlyn,M. (1998) ATF2 confers radiation resistance to human
melanoma cells. Oncogene, 16, 523-531.

Kim,S.T., Xu,B. and Kastan,M.B. (2002) Involvement of the
cohesin protein, Smcl, in Atm-dependent and independent
responses to DNA damage. Genes Dev., 16, 560-570.
Kitagawa,R., Bakkenist,C.J., McKinnon,P.J. and Kastan,M.B.
(2004) Phosphorylation of SMCI1 is a critical downstream event
in the ATM-NBS1-BRCAI pathway. Genes Dev., 18, 1423-1438.
Nahas,S.A., Butch,A.W., Du,L. and Gatti,R.A. (2009) Rapid flow
cytometry-based structural maintenance of chromosomes |1
(SMC1) phosphorylation assay for identification of
ataxia-telangiectasia homozygotes and heterozygotes. Clin. Chem.,
55, 463-472.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Nucleic Acids Research, 2013, Vol. 41, No.5 2905

. Butch,A.W., Chun,H.H., Nahas,S.A. and Gatti,R.A. (2004)

Immunoassay to measure ataxia-telangiectasia mutated protein in
cellular lysates. Clin. Chem., 50, 2302-2308.

So.E.Y. and Ouchi,T. (2011) Functional interaction of BRCA1/
ATM-associated BAAT1 with the DNA-PK catalytic subunit.
Exp. Ther. Med., 2, 443-447.

Ouchi,M. and Ouchi,T. (2010) Regulation of ATM/DNA-PKcs
phosphorylation by BRCAl-associated BAATI. Genes Cancer, 1,
1211-1214.

Wu,N. and Yu,H. (2012) The Smc complexes in DNA damage
response. Cell Biosci., 2, 5.

Costes,S.V., Chiolo,I., Pluth,J.M., Barcellos-Hoff,M.H. and
Jakob,B. (2010) Spatiotemporal characterization of ionizing
radiation induced DNA damage foci and their relation to
chromatin organization. Mutat. Res., 704, 78-87.

Le,N.T., Ho,T.B. and Ho,B.H. (2010) Sequence-dependent histone
variant positioning signatures. BMC Genomics, 11(Suppl. 4), S3.
Takahashi,A. and Ohnishi, T. (2005) Does gammaH2AX foci
formation depend on the presence of DNA double strand breaks?
Cancer Lett. 229, 171-179.

Goodarzi,A.A., Jeggo,P. and Lobrich,M. (2010) The influence of
heterochromatin on DNA double strand break repair: getting the
strong, silent type to relax. DNA Repair, 9, 1273-1282.
Toledo,L.I., Murga,M., Gutierrez-Martinez,P., Soria,R. and
Fernandez-Capetillo,O. (2008) ATR signaling can drive cells into
senescence in the absence of DNA breaks. Genes Dev., 22,
297-302.

Spagnolo,L., Rivera-Calzada,A., Pearl,L.H. and Llorca,O. (2006)
Three-dimensional structure of the human DNA-PKcs/Ku70/
Ku80 complex assembled on DNA and its implications for DNA
DSB repair. Mol. Cell, 22, 511-519.

Lieber,M.R. (2010) The mechanism of double-strand DNA break
repair by the nonhomologous DNA end-joining pathway. Annu.
Rev. Biochem., 79, 181-211.

Pilch,D.R., Sedelnikova,O.A., Redon,C., Celeste,A.,
Nussenzweig,A. and Bonner,W.M. (2003) Characteristics of
gamma-H2AX foci at DNA double-strand breaks sites. Biochem.
Cell Biol., 81, 123-129.

Celeste,A., Petersen,S., Romanienko,P.J., Fernandez-Capetillo,O.,
Chen,H.T., Sedelnikova,O.A., Reina-San-Martin,B., Coppola,V.,
Meffre,E., Difilippantonio,M.J. et al. (2002) Genomic instability
in mice lacking histone H2AX. Science, 296, 922-927.

di Masi,A., Viganotti,M., Polticelli,F., Ascenzi,P., Tanzarella,C.
and Antoccia,A. (2008) The R215W mutation in NBS1 impairs
gamma-H2AX binding and affects DNA repair: molecular bases
for the severe phenotype of 657del5/R215W Nijmegen breakage
syndrome patients. Biochem. Biophys. Res. Commun., 369,
835-840.

Dellaire,G., Kepkay,R. and Bazett-Jones,D.P. (2009) High
resolution imaging of changes in the structure and spatial
organization of chromatin, gamma-H2A.X and the MRN
complex within etoposide-induced DNA repair foci. Cell Cycle, 8,
3750-3769.

Tsukuda,T., Fleming,A.B., Nickoloff,J.A. and Osley,M.A. (2005)
Chromatin remodelling at a DNA double-strand break site in
Saccharomyces cerevisiae. Nature, 438, 379-383.
Lieberman-Aiden,E., van Berkum,N.L., Williams,L., Imakaev,M.,
Ragoczy,T., Telling,A., Amit,I., Lajoie,B.R., Sabo,P.J.,
Dorschner,M.O. et al. (2009) Comprehensive mapping of
long-range interactions reveals folding principles of the human
genome. Science, 326, 289-293.

Cai,S., Lee,C.C. and Kohwi-Shigematsu,T. (2006) SATBI1
packages densely looped, transcriptionally active chromatin for
coordinated expression of cytokine genes. Nat. Genet., 38,
1278-1288.

Kruhlak,M.J., Celeste,A., Dellaire,G., Fernandez-Capetillo,O.,
Muller,W.G., McNally,J.G., Bazett-Jones,D.P. and
Nussenzweig,A. (2006) Changes in chromatin structure and
mobility in living cells at sites of DNA double-strand breaks.

J. Cell Biol., 172, 823-834.

Rogakou,E.P., Boon,C., Redon,C. and Bonner,W.M. (1999)
Megabase chromatin domains involved in DNA double-strand
breaks in vivo. J. Cell Biol., 146, 905-916.



2906 Nucleic Acids Research, 2013, Vol. 41, No. 5

71

72.

73.

74.

. Tacovoni,J.S., Caron,P., Lassadi,l., Nicolas,E., Massip,L.,

Trouche,D. and Legube,G. (2010) High-resolution profiling of
gammaH2AX around DNA double strand breaks in the
mammalian genome. EMBO J., 29, 1446-1457.

Stucki,M., Clapperton,J.A., Mohammad,D., Yaffe,M.B.,
Smerdon,S.J. and Jackson,S.P. (2005) MDCI directly binds
phosphorylated histone H2AX to regulate cellular responses to
DNA double-strand breaks. Cell, 123, 1213-1226.
Soutoglou,E. and Misteli,T. (2008) Activation of the cellular
DNA damage response in the absence of DNA lesions. Science,
320, 1507-1510.

Bakkenist,C.J. and Kastan,M.B. (2003) DNA damage activates
ATM through intermolecular autophosphorylation and dimer
dissociation. Nature, 421, 499-506.

75.

76.

71.

Reddy,Y.V., Ding,Q., Lees-Miller,S.P., Meek, K. and
Ramsden,D.A. (2004) Non-homologous end joining requires
that the DNA-PK complex undergo an
autophosphorylation-dependent rearrangement at DNA ends.
J. Biol. Chem., 279, 39408-39413.

Goodarzi,A.A., Yu,Y., Riballo,E., Douglas,P., Walker,S.A.,
Ye,R., Hérer,C., Marchetti,C., Morrice,N., Jeggo,P.A. et al.
(2006) DNA-PK autophosphorylation facilitates Artemis
endonuclease activity. EMBO J., 25, 3880-3889.
Goodarzi,A.A., Noon,A.T., Deckbar,D., Ziv,Y., Shiloh,Y.,
Lobrich,M. and Jeggo,P.A. (2008) ATM signaling facilitates
repair of DNA double-strand breaks associated with
heterochromatin. Mol. Cell, 31, 167-177.



