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Detection of Early Abl Kinase Activation after lonizing
Radiation by Using a Peptide Biosensor

Jiabin Tang,”” Jean Y. Wang,” and Laurie L. Parker*®

The ubiquitously expressed Abl protein is a non-receptor tyro-
sine kinase that undergoes nuclear—cytoplasmic shuttling and
is involved in many signaling pathways in the cell. Nuclear Abl
is activated by DNA damage to regulate DNA repair, cell-cycle
checkpoints and apoptosis. Previous studies have established
that ataxia telangiectasia mutated (ATM) activates nuclear Abl
by phosphorylating serine 465 (S465) in the kinase domain in
response to ionizing radiation (IR). Using a peptide biosensor
that specifically reports on the Abl kinase activity, we found
that an Abl-S465A mutant, which is not capable of being acti-
vated by ATM through the canonical site, was still activated
rapidly after IR. We established that DNA-dependent protein

Introduction

Most techniques for monitoring kinase activity depend on iso-
lating the kinase from its intracellular context and/or detecting
specific phosphorylation sites in endogenous proteins that are
not always previously known. As almost all the cellular signal-
ing events that occur in cells are affected by kinase and sub-
strate interaction partners, this presents challenges for analyz-
ing any detailed signaling processes that require intracellular
scaffolding and localization, or for which important endoge-
nous sites have not yet been described and targeted with anti-
bodies. Furthermore, because many important signaling pro-
teins are present in low abundance in the cell and their modifi-
cations are often stoichiometrically low and/or in regions of
the protein that are not amenable to protease digestion, even
mass-spectrometry-based proteomics cannot detect all the rel-
evant signaling events that might be occurring in response to
biological stimuli. Therefore, we have developed a comple-
mentary approach that makes use of a peptide biosensor tool
that is tuned to a particular kinase and delivered into the cell
to achieve cell-based functional detection of kinase activity,
and applied this tool to elucidate an early event in the DNA
damage response (DDR).

DNA lesions from endogenously generated and exogenous
agents are a normal consequence of cellular processes. Cells
have developed sophisticated response mechanisms to recog-
nize and repair the resulting damage." In particular, exposure
to ionizing radiation (IR) results in base modifications as well
as both single- and double-strand breaks (SSBs and DSBs), with
DSBs being the more lethal.*® When DSBs occur, the DNA
damage signaling proteins ataxia telangiectasia mutated (ATM)
protein kinase and DNA-dependent protein kinase (DNAPK) are
recruited to the DSBs and activated to coordinate DNA repair
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kinase (DNAPK) is likely to be responsible for a second path-
way to activate Abl early on in the response to IR through
phosphorylation at a site other than S465. Our findings show
that nuclear and cytoplasmic Abl kinase is activated early on
(within 5 min) in response to IR by both ATM and DNAPK, and
that although one or the other of these kinases is required,
either one is sufficient to activate Abl. These results support
the concept of early Abl recruitment by both the ATM and the
DNAPK pathways to regulate nuclear events triggered by DNA
damage and potentially communicate them to proteins in the
cytoplasm.

with cell-cycle checkpoints."®”) ATM is a member of the PIKK
family of lipid and protein kinases, which phosphorylate pro-
tein targets at the S/Q and T/Q motifs.*® ATM itself is also
phosphorylated at multiple residues (serine 367, 1893, and
1981 in human cells) in response to IR. These phosphorylations
have different functions in vivo"” and can be monitored to
track ATM activation by IR. DNAPK, also a member of the PIKK
family, is composed of a catalytic subunit (DNAPKcs) and a het-
erodimeric DNA binding subunit (Ku70/80). Like ATM, its activi-
ty is stimulated by recruitment to DSBs by the Ku heterodimer
and through autophosphorylation at multiple residues in re-
sponse to IR in vivo.”"""'? DNAPK is essential for DNA repair
through nonhomologous end-joining (NHEJ) in mammalian
cells, a pathway that promotes cell survival in response to
|R.[13_16]

Among the many substrates of ATM is the Abl tyrosine
kinase, which is encoded by the ABLT gene.!'” Cytoplasmic Abl
is activated by growth factors, cytokines, cell-matrix adhesion,
microbial infection, and many other extracellular signals.'®'
One of the key functions of cytoplasmic Abl is to regulate F-
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actin dynamics, which underlie a wide variety of cellular pro-
cesses that involve actin polymerization and depolymeriza-
tion.”™ Nuclear Abl is activated by genotoxins, in particular
those that cause DSBs in the genomic DNA'2"?4 (including IR
and other DNA-damaging agents), to phosphorylate diverse
target proteins, including Rad51, Rad52, WRN, Mdm2, and p73,
so as to to regulate DNA repair, cell-cycle checkpoints and
apoptosis.”>'®3 Previous studies have identified interactions
between Abl, ATM and DNAPK, and have focused on later (1-
24 h post-IR) events in the DNA damage response that control
return to the cell cycle after repair and/or initiation of apopto-
sis. For example, when cells are exposed to IR, ATM phosphory-
lates Abl at S465 and activates Abl kinase activity."”? DNAPK
and Abl have been shown to phosphorylate each other in
vitro,”” although this has not yet been observed in vivo. It is
not known whether ATM and DNAPK act redundantly to phos-
phorylate Abl at S465 and/or other residues, or if DNAPK phos-
phorylates a different site or sites on Abl to regulate its func-
tion in a pathway separate from that governed by ATM. This is
partly due to the challenges of detecting specific phosphoryla-
tion sites in a protein like Abl, and more so to ascribing func-
tional significance to those sites and/or the downstream phos-
phorylation of Abl target proteins.

To address these issues, we applied chemical biology and
pharmacological tools to examine the individual roles of ATM
and DNAPK in activating Abl after DNA damage by IR. To
follow the intracellular activation of Abl in response to IR-in-
duced DNA damage, we used our previously reported peptide-
based biosensor substrate.” This biosensor (Figure 1) has the
following functional modules: a known peptide substrate for
Abl”® a photocleavable linker, an Abl SH3 domain-binding
ligand peptide,”” a biotin tag and a cell-penetrating peptide,
TAT,*® to aid delivery of the biosensor across the plasma mem-
brane. To distinguish between the contributions of ATM and
DNAPK to Abl activation in the DNA damage pathway, we gen-
erated HEK 293 cell lines with stable, Tet-ON-inducible expres-
sion of Abl-WT-EGFP and Abl(S465A)-EGFP, which lacks the
known ATM phosphorylation site. We confirmed that the bio-
sensor peptide is distributed and phosphorylated in relevant
intracellular compartments by using subcellular fractionation.
We also used the biosensor substrate to monitor Abl activity in
ATM-deficient pre-B cells in the presence and absence of a
DNAPK inhibitor. We found that Abl is activated very soon
(within 10 min) after cells are exposed to IR, even if S465 is
replaced by alanine, and that a DNAPK inhibitor blocks that ac-
tivation, thus providing support for the idea that DNAPK and
ATM play unique roles in rapidly activating Abl after ionizing
radiation.

Results

Abl biosensor phosphorylation increases after exposure to
IR

Evidence suggests that Abl is activated after exposure to IR;
however, current understanding of this process focuses on
timeframes (> 1 h) that are fairly far downstream of the initial
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Figure 1. Overall schematic for the strategy used in this work. A) Design of
the biosensor peptide. Amino acid sequences given in bold represent the
functional modules Abltide, Abl SH3 ligand, and the cell-penetrating peptide
(CPP) TAT, respectively. The Abltide sequence is thought to be relatively spe-
cific for the Abl kinase. The Abl SH3 ligand sequence acts to further promote
this specificity by providing interaction with the Abl SH3 domain, thereby
making the biosensor peptide a better mimic of native substrates, which in-
clude such protein-protein interaction modules. K, =lysine biotinylated on
the y-amino group (side chain); included for detecting the total amount of
biosensor by streptavidin blotting; The photolinker (a 3-(2-nitrobenzyl)-3-
aminopropionyl residue) is incorporated in case detection with mass spec-
trometry is used (as we have previously reported™®)); however, this is not im-
portant for the work described in this manuscript. B) Cartoon representation
of the interactions between Abl, ATM and DNAPK after DNA damage. The
Abl kinase normally shuttles in and out of the nucleus. Upon DNA damage,
ATM and DNAPK participate in phosphorylating the nuclear fraction of Abl
and thus activating its kinase function, which, among other signals, initiates
cascades that turn on cell-cycle arrest, DNA repair machinery and eventually
the decision between re-entry into the cell cycle or apoptosis. We can detect
this activation in intact cells by delivering and subsequently harvesting the
biosensor peptide, followed by immunoblotting to detect whether it was
phosphorylated during its time in the cell.

DDR."?#2% We first confirmed that the biosensor substrate
was phosphorylated by Abl in our Abl-WT-EGFP model by in-
ducing Abl-WT-EGFP expression through overnight treatment
with doxycycline and incubation with either the biosensor
peptide alone (25 pum) or the biosensor in combination with
the Abl inhibitor imatinib (20 um). In the absence of doxycy-
cline-induced overexpression of the kinase, little or no biosen-
sor phosphorylation was observed; however, in the presence
of overexpressed Abl-WT-EGFP, the peptide was phosphorylat-
ed, and this phosphorylation was inhibited by imatinib, thus
suggesting that Abl-WT-EGFP was responsible for biosensor
phosphorylation (for details see Figure S1 in the Supporting In-
formation).

To test whether our Abl biosensor was able to detect Abl ac-
tivation at earlier points in the DDR process, we induced
kinase expression in our stable cell lines by incubating them
with doxycycline prior to addition of the peptide biosensor,
followed by IR treatment and harvesting of the cells over a 10-
30 min timecourse post-irradiation. As shown in Figure 2A,
row 1, lanes 1 and 2, very little appreciable phosphorylation
signal (measured by using the antiphosphotyrosine antibody
4G10) was seen for cells in which Abl-WT-EGFP was not in-
duced. Quantification of the relative band densities for lanes
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Figure 2. Phosphorylation of the Abl kinase biosensor after exposure to IR. The Abl-WT-EGFP and Abl-S465A-EGFP
cells were prepared as described in the Experimental Section. The peptide substrate (25 um) was added, and the
cells were incubated at 37°C for 5 min, then irradiated (5 Gy). Cells were harvested at different times post IR treat-
ment, as indicated. A) Western blot analysis by using quantitative two-color Licor IR-dye imaging showed that the
phosphorylation of the biosensor peptide (detected by a 4G10 signal just below the 6 kDa molecular weight
marker and confirmed by an overlaid signal from streptavidin visualized by using the second channel of the Licor
Odyssey scanner) was dramatically increased after IR treatment in cells overexpressing the Abl-WT-EGFP construct
(row 1, lanes 4, 8 and 12). B) Unexpectedly, biosensor phosphorylation was still increased in cells expressing the
Abl-S465A-EGFP mutant protein (row 1, lanes 2, 4 and 6). Inmunoblotting for other proteins served as controls
for IR-induced pathway and Abl activation (pATM, pDNAPK, pCrkL), construct expression/autophosphorylation
(GFP, Abl(pY245)), and total protein loading (tubulin or GAPDH). Total ATM and DNAPK blots showed consistent
levels of the unphosphorylated forms of these proteins (data not shown). C), D) and E) Integrated band-intensity
data for the 4G10, streptavidin, phospho-c-Abl(Y245), and anti-GFP signals over independent replicate experi-
ments were calculated, and the phosphorylated signals (4G10 and phospho-c-Abl(Y245)) were divided by their re-
spective “total” marker signals (streptavidin and anti-GFP) and plotted together. Axes are labeled as 4G10/strept
or norm increase (+IR), meaning the increase in the 4G10/strept signal for samples treated with IR vs non-IR con-
trols. Error bars represent the SEM, and statistical significance (p < 0.05) of the change compared with non-irradiat-
ed cells is indicated with *. For the Abl-WT-EGFP biosensor data, N=5, and for the phospho-Y245 data, N=3; for
the Abl-S465A-EGFP biosensor data, N=4, and for the phospho-Y245 data, N=2.

corresponding to uninduced samples showed a slight increase
in the ratio of 4G10/streptavidin signal; however, the differ-
ence was not significant (Figure S2). In lanes 3 and 4, the phos-
phorylation signal from the biosensor peptide rapidly (within
10 min after irradiation) increased approximately fourfold (p=
0.002) compared to the phosphorylation signal from our bio-
sensor in non-irradiated cells harvested at the same timepoint.
In contrast, phosphorylation of the autophosphorylation-relat-
ed Y245 in the AbI-WT-EGFP construct was only slightly in-
creased (Figure 2A, row 5) and did not significantly change
(p>0.45) during the timeframe of this experiment. Two-way
ANOVA demonstrated that trends in the responses observed
with these two markers were different, with nearly statistical
significance (p=0.09; p <0.05 would indicate significance).
Since the phosphorylation of Abl at S465 by ATM is thought
to be required for IR-induced Abl activation,"” we expected
that Abl(S465A)-EGFP would not show increased activity after
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for  Abl-WT-EGFP;  Figure 2B,
row 1 lanes 2, 4 and 6); it was
also significantly different from
the response observed after
Y245 phosphorylation (two-way
ANOVA, p=0.037; (Figure 2B,
row 5, lanes 2, 4 and 6, and E).
These data indicated that S465
might not be the only residue
responsible for IR-induced Abl
activation in our system. One
possibility was that ATM also
phosphorylated other sites that
contributed to the activation of
Abl. Another was that ATM was
able to activate endogenous Abl
in the S465 mutant cells to pro-
mote phosphorylation of the
biosensor peptide. A third possi-
bility was that another kinase
besides ATM also phosphorylat-
ed Abl at a different site or sites
to activate Abl to participate in
the DNA damage response path-
way. DNAPK is a serine/threonine
kinase known to be involved in
the DNA damage response that
has been shown to physically interact with Abl.* A connec-
tion between DNAPK and Abl in regulating the DNA damage
response has been implied in in vitro and intracellular stud-
ies.?3% Therefore, we examined the possibility that DNAPK is
involved in activating Abl in our system after IR treatment, and
addressed the potential for ATM to be acting through other
sites on endogenous or expressed Abl protein.

mE
n
=
n
—
N

20
t/ min

ATM and DNAPK inhibitors indicate that both kinases
function to activate Abl in the DNA damage pathway

To test the hypothesis that DNAPK participates in early Abl ac-
tivation after IR, we used the ATM and DNAPK kinase inhibitors
KU55933 and NU7026, respectively, in the AblI-WT-EGFP and
Abl-S465A-EGFP cell lines to dissect the potential contributions
of each kinase. Cells were pre-treated with an ATM inhibitor, a
DNAPK inhibitor, or both for 20 min followed by addition of
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the biosensor peptide (5 min incubation) and irradiation at
5 Gy. Neither single kinase inhibitor abolished the phosphoryla-
tion signal (4G10) from the Abl kinase biosensor in the Abl-WT-
EGFP cell line (Figure 3 A). Using our Abl(S465A)-EGFP cell line,
we found that the ATM and DNAPK kinase inhibitors both atte-
nuated Abl activation after IR; this suggests that some other
phosphorylation site might be involved in ATM-dependent ac-
tivation of our Abl mutant in this system and/or that off-target
effects of the inhibitors were having an impact on the results.
However, as the level of DNAPK autophosphorylation at 52056
was not substantially affected by the ATM inhibitor, and nei-
ther was the phosphorylation of ATM at its autophosphoryla-
tion site S1981 affected by the DNAPK inhibitor, it does not
appear that off-target effects (e.g., inhibition of DNAPK by the
ATM inhibitor and vice versa) were responsible.

The results from performing our assay in the presence of
ATM and DNAPK inhibitors in the inducible overexpression cell
lines were somewhat ambiguous, showing a decrease in Abl-
S465A-EGFP activation in response to the ATM inhibitor. There-
fore, to better address the involvement of ATM in the activa-
tion of Abl that stimulates biosensor phosphorylation, we used
an ATM-null mutant pre-B cell line that overexpresses v-Abl,
which contains potentially relevant serine sites (including a res-
idue homologous to S465 and others in the C-terminal region
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of the kinase) and compared IR-responsive biosensor phos-
phorylation in these with that observed in the cells that were
wild-type for ATM expression.”"3? As shown in Figure 4A, in
pre-B cells in which ATM expression is normal (Abl pre-B
ATM2A), neither ATM nor DNAPK inhibitors alone significantly
decreased the phosphorylation of the biosensor peptide after
IR treatment (p>0.74 and >0.45 for ATM and DNAPK inhibi-
tors, respectively). Likewise, in the ATM-null mutant pre-B cells
(Abl pre-B ATM-null), no significant decrease in Abl activation
after IR was seen following treatment with the ATM inhibitor
(Figure 4B; p>0.85), thus indicating that this version of v-Abl
is not sensitive to some other mechanism of upstream inhibi-
tion caused by this ATM inhibitor. On the other hand, treat-
ment of the ATM-WT cells (Abl pre-B ATM2A) with inhibitors of
both ATM and DNAPK (Figure 4A, lane 5) and treatment of
ATM-null cells (Abl pre-B ATMnull) with the single DNAPK in-
hibitor (Figure 4B, lane 4) decreased biosensor phosphoryla-
tion to a level comparable to that seen when using the Abl
inhibitor imatinib (Figure 4A and B, lane 6). Taken together,
these data support the hypothesis that ATM and DNAPK both
participate in early Abl activation after IR, but in a non-redun-
dant manner, and that activation of Abl by DNAPK is not de-
pendent on ATM.

Abl-S465-EGFP
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Figure 3. Inhibition of DNAPK decreases the activation of the S465A mutant. A) In cells expressing Abl-WT-EGFP, phosphorylation of the biosensor peptide
after IR (lane 2) was not significantly diminished when using either inhibitor alone (lanes 3 and 4). B) However, in cells expressing Abl-S465A-EGFP, the DNAPK
inhibitor NU7206 was sufficient to decrease biosensor phosphorylation levels (lane 4) to pre-IR background control levels (lane 1). B) and D) Over several repli-
cates, cells expressing the Abl-S465A-EGFP and treated with the ATM inhibitor KU55933 also showed some decrease in Abl activation (lane 3) relative to cells
with no inhibitor (lane 2); however, this decrease was not statistically significant. Differential ATM and DNAPK inhibition is shown by using antiphospho-anti-
bodies to their respective autophosphorylation/activation sites (51981 for ATM and 52056 for DNAPK). C) and D) Data for the biosensor (o) and pY245 Abl (m)
over three independent experiments were processed as described in Figure 2, averaged, tested for statistical significance relative to non-IR-treated controls
and plotted (p < 0.05 indicated by *). Y-axes represent the increase in 4G10/streptavidin signal in samples treated with IR (+IR) vs non-IR controls (—IR). Error

bars represent the SEM.
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Figure 4. IR-dependent activation of Abl kinase in murine v-Abl-expressing pre-B ATM (~/7) null cells is sensitive to a DNAPK inhibitor. The biosensor assay
was performed with v-Abl-transfected preB cells that were A) WT or B) deficient for ATM expression. C) Data over two independent experiments were aver-

aged and plotted. Statistically significant differences (p < 0.05) between ATM (WT;

m) and ATM (null; 0) are indicated with *. Y-axis is labeled as norm increase

(+IR), meaning the increase in the 4G10/strept signal for samples treated with IR vs non-IR controls. Error bars represent the SEM.

Examining subcellular distribution and initial timing of

biosensor phosphorylation

In principle, given its small size, our biosensor should be able
to access various intracellular compartments, thereby allowing
us to detect and potentially dissect the contribution of nuclear
Abl activation in response to IR. In order to examine whether
the biosensor was distributed sufficiently to detect Abl activa-

tion in relevant subcellular contexts, we performed
subcellular fractionation experiments on Abl-WT-
EGFP cells exposed to IR. Cells were incubated with
the biosensor peptide added either concurrently with
IR or 5 min prior to IR, irradiated at 5 Gy, and harvest-
ed at 5 or 10 min post-IR. The cytoplasmic and nucle-
ar fractions were isolated as described in the Experi-
mental Section (characterized in Figure S3) and ana-
lyzed by two-color Licor dye Western blot by using
streptavidin and the anti-phosphotyrosine antibody
4G10. As shown by streptavidin blotting in Figure 5A
and B, the biosensor was present in both the nuclear
and cytoplasmic fractions. Phosphorylation of the
biosensor increased as a function of incubation time
even in cells not treated with IR (Figure 5C and D,
columns 1-4); however, an approximately threefold,
statistically significant (p <0.05, both with respect to
the difference from the no-IR control and the differ-
ence between the 5 and 10 min time points) increase
in the relative level of phosphorylation was observed
by 10 min in the nuclear fraction for the cells treated
concurrently with biosensor and IR (Figure 5A lane 8
and E column 4). These data indicated that the bio-
sensor was being taken up and distributed very rap-
idly—within 5-10 min; this is consistent with obser-
vations from Dowdy’s group on the timing of uptake
and nuclear activity for a TAT-tagged CRE recombi-
nase.*

The longer pre-IR incubation time (5 min) led to a
higher level of basal biosensor phosphorylation (par-
ticularly in the cytoplasm, cf. Figure 5C and D, col-
umns 1 and 2) and thus lower relative increases
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upon IR; however, the increase in phosphorylation in the nu-
clear fraction by 5 min was still clearly observed (albeit not
quite statistically significant, p=0.09). Intriguingly, the data for
the concurrently treated cells (Figure 5C, columns 1 and 5)
show an increase in the 4G10/streptavidin ratio for the cyto-
plasmic fraction by 5 min even in the absence of an increase in
biosensor phosphorylation the nuclear fraction at that time-

A) B)

harvest: 5 min 10 min 5 min 10 min
Cyt + + + + + + + +

Nuc + + + + + + + +
IR + + + + + + + +
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Figure 5. The Abl biosensor peptide is present and phosphorylated in both the cytoplas-
mic and nuclear fractions of Abl-WT-EGFP cells. By isolating the cytoplasmic and nuclear
material from cells treated with the Abl biosensor within 5 min after IR, we simultaneous-
ly examined the subcellular localization and earliest practical timepoint for post-IR
sample processing. Western blotting was performed for biotinylated (Strept) and phos-
phorylated (4G10) peptide from 50 pg per lane of each subcellular fraction from cells in-
cubated with the biosensor peptide A) concurrently with IR treatment or B) pre-treated
for 5 min prior to IR. A) n cells expressing Abl-WT-EGFP, the biosensor peptide is ob-
served in both the cytoplasmic (e.g., lanes 1 and 2) and nuclear (e.g., lanes 3 and 4) frac-
tions within 5 min of incubation with and without IR. C) and D) Integrated band intensity
data for 4G10 and streptavidin signals over three independent replicate experiments
were calculated, and the phosphorylated signal (4G10) was divided by the “total” marker
signal (streptavidin) and plotted. E) These were further normalized to their change in rel-
ative intensity following IR). o: Cyt, m: Nuc. Y-axes are labeled as 4G10/strept or +IR/—IR,
meaning the increase in the 4G10/strept signal for samples treated with IR vs non-IR con-
trols. Error bars represent SEM, and statistical significance (p < 0.05) is indicated with *.

669

www.chembiochem.org


www.chembiochem.org

BIO

point (Figure 5C, columns 3 and 7); this suggests the possibili-
ty that IR-activated Abl-WT-EGFP might be localizing in the cy-
toplasm very rapidly after IR exposure, or that the subcellular
localization of the peptide itself is highly dynamic. Nuclear-cy-
toplasmic shuttling of Abl has been shown to be important for
mediating its role in the DNA damage response,*"* but has
not previously been observed to occur so rapidly after
damage. This trend was not statistically significant, however,
and could have been confounded by the high levels of basal
Abl activity in the cytoplasm resulting from the high levels of
overexpression of the kinase in this system. Therefore we are
currently focused on the development of optimized read-out
techniques that can replace Western blot and provide both
greater sensitivity in order to achieve sufficient signal to noise
for detecting endogenous levels of Abl kinase activation, and
imaging of subcellular localization, in systems that do not re-
quire overexpression.

Discussion

In this study we used cell lines engineered to express various
versions of Abl kinase, kinase inhibitors, and an Abl kinase bio-
sensor as chemical biology and pharmacological tools to pro-
vide evidence that both ATM and DNAPK kinases mediate the
rapid activation of Abl in response to IR-induced DNA damage,
and that our biosensor can detect this activation for both the
nuclear and cytoplasmic fractions of Abl. We initially observed
that Abl activity still increased, albeit modestly, in response to
IR in cells expressing a mutant (S465A) that cannot be phos-
phorylated at a key ATM phosphorylation site. This indicates a
role for other phosphorylation sites and/or kinases in stimulat-
ing IR-induced Abl activity. Using ATM and DNAPK kinase in-
hibitors in a v-Abl-transduced, ATM-deficient pre-B cell line, we
showed that DNAPK activity was an important contributor to
the rapid increase in Abl activity after IR in the absence of
ATM. In fact, inhibition of both ATM and DNAPK activities abol-
ished Abl activation in our assay; this suggests that one or the
other is required, but that either kinase alone is sufficient to
activate Abl during the early stages of DDR. Although no
kinase inhibitor is completely specific, the concentrations used
in our study were consistent with those reported by others to
achieve reasonable specificity for DNAPK.®® These results are
consistent with and complementary to previous data indicat-
ing that, even though ATM typically activates Abl through the
phosphorylation of S465 in response to IR"” there also is a
functional and likely direct interaction between DNAPK and
Abl that occurs in response to DNA damage.”” Using the Tet-
ON inducible Abl overexpression system, we also obtained evi-
dence that the biosensor reaches the nucleus, the relevant
subcellular compartment for detecting DDR-related Abl activa-
tion. In addition, these experiments suggested that the cyto-
plasmic fraction of Abl is activated within 5 min of IR. This pro-
vides the first evidence that Abl is activated very early on in IR-
induced DDR, and that it is either also activated in the cyto-
plasm by IR or may function to rapidly communicate informa-
tion about DNA damage to cytoplasmic proteins.
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This intracellular assay strategy therefore provides a unique
insight into Abl activation that, so far, has not been apparent
from traditional kinase assay methods and that we did not ob-
serve by monitoring common markers for Abl activation. For
example, previous interpretations of the roles for DNAPK, ATM
and Abl in the activation of one another after IR were made
from in vitro kinase assays with immunoprecipitated Abl and
either the C-terminal domain (CTD) of RNAPol Il or a Crk con-
struct as substrates.*'” These experiments provided key pre-
liminary evidence that DNAPK and Abl interact physically and
functionally, but could not address the potential for differences
between interactions in vitro versus in the cell. Experiments
with the RNAPol Il CTD as a substrate showed no relationship
between DNAPK and Abl activation as a function of IR, thus
suggesting that phosphorylation of the RNAPol Il CTD by Abl
depends on other protein—protein interactions or scaffolds not
provided by an in vitro experiment. However, other in vitro ex-
periments on a Crk-based substrate did show a dependence of
Abl activation on DNAPK. Additionally, previous work has fo-
cused on the role of c-Abl in the later stages of DNA repair
and implicated Abl as an inhibitor or deactivator of DSB repair
foci.B>%" It has recently been suggested that Abl might func-
tion just as critically in the early, upstream stages of DSB repair,
but that more comprehensive analysis of these early kinetics
would be required to elucidate this process.®” Using our intra-
cellular biosensor substrate, we have been able to demon-
strate this functional interaction in living cells to address that
gap and provide a path to clarifying the roles of DNAPK, ATM
and Abl in IR-induced DDR.

Another advantage of this biosensor substrate is that, unlike
native, endogenous protein substrates (which respond specifi-
cally to different exogenous stimuli), its phosphorylation seems
to be relatively general. Since IR-induced endogenous sub-
strate phosphorylation is likely to be transient, localized, and
dependent on specific protein—protein interactions, detecting
kinase activation through these endogenous proteins can be
problematic. First, detection is highly dependent on either the
development of phosphorylation-site-specific antibodies or fa-
vorable physiochemical properties of the tryptic (or other pro-
tease-produced) peptides generated from the phosphorylation
sites. For example, even though an excellent phosphospecific
antibody exists for CrkL, a well-studied substrate of c-Abl
known to be a nuclear receptor, analysis of CrkL phosphoryla-
tion at Y207 did not provide any insight into Abl activation
after IR®¥ Second, the low stoichiometry of modification can
make it even more difficult to detect phosphorylation on these
already low-level proteins. Working with these overexpression
model systems and leveraging the increased enzymatic turn-
over obtained upon functional activation of the kinase, we are
able to access a reasonable dynamic range for Abl kinase activ-
ity by utilizing our sensor substrate to a point at which it is
easily detectable with a general, well-characterized antibody
(4G10). It is important to point out, however, that the differ-
ence in detection sensitivity between induced and uninduced
samples suggests that Abl kinase natively expressed in
HEK 293 cells exists at levels below the dynamic range of the
Western-blot-based detection method used for this assay. This
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is likely to be cell-line dependent and thus should be charac-
terized in each new system used by others.

Context is important for understanding the roles of sub-
strates and phosphorylation sites; however, there could also
be value in simply knowing whether a kinase has been func-
tionally activated or not, without relying on detailed fore-
knowledge of the direct, downstream consequences. Normally
for the Abl kinase, phosphorylation of Y245 in the polyproline
loop region thought to be involved in autoregulation is used
as a general marker of activation.®® However, in the overex-
pression system used here, the extent and temporal trends of
Y245 phosphorylation were distinct from the activity observed
when using our sensor peptide (Figure 2). Certainly some of
this effect is due to the relative differences in antibody sensi-
tivities for 4G10 against the anti-phospho-Abl(Y245) antibodies.
However, the differences in the trends observed might be be-
cause even this “general” autoactivation is context dependent
and not necessarily required for regulation of c-Abl through
alternative, allosteric interactions and/or phosphorylation sites,
and therefore is not the ultimate, ideal marker for intrinsic
kinase activation. Given that these changes in intrinsic kinase
domain activity observed when using the biosensor peptide
were different from those detected when using the autophos-
phorylation site, this technique seems to provide complemen-
tary information about early Abl kinase activation after IR.
FRET-based biosensors for Abl and other kinase activities also
have the potential to provide this type of information. The pri-
mary advantage of such FRET-based sensors is that subcellular
kinase activities can be imaged in real time; however, these
techniques require sophisticated quantitative imaging and can
suffer from low dynamic range in the fold-response that can
be detected, since changes in FRET signal are sometimes small
even upon dramatic changes in the level of phosphorylation of
the sensor. Because the phosphorylation of the peptide bio-
sensor described here can be monitored in a standard, simple
manner by using either the generic phosphotyrosine antibody
4G10 or label-free mass spectrometry (as we have previously
demonstrated™®), this strategy could be advantageous for mo-
lecular biology laboratories that want a simple, straightforward
assay for exploring the initial timecourse of Abl’s role in the
DNA damage response.

Conclusion

These results contribute to the understanding of Abl kinase ac-
tivity early in the DNA damage response,”****"! as well as pro-
vide a starting point and potential tool for further examination
of the specific roles of different upstream kinases in activating
Abl during this process. We are currently undertaking further
studies to examine DNAPK’s role in activating Abl after IR.
ATM, recruited by the MRE-11 complex, is thought to activate
homologous recombination repair. Abl is known to phosphory-
late Rad51 and Rad52,"*? which are also involved in homolo-
gous recombination, in an ATM-dependent manner.** DNAPK,
on the other hand, is recruited by the Ku complex and stimu-
lates other methods of repair, including nonhomologous end
joining, that are typically thought of as more error-prone pro-
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cesses. Some preliminary evidence has shown that Abl phos-
phorylates WRN," a helicase that is mutated in Werner's syn-
drome patients and which has been linked to nonhomologous
end joining. Furthermore, NHEJ is known to be upregulated in
chronic myelogenous leukemia cells, which overexpress the
constitutively active Abl mutant Bcr-Abl; however, it is not yet
clear whether this proceeds through DNAPK or alternative
mechanisms.” This biosensor strategy could provide a tool for
understanding how these two different DNA repair pathways
are regulated and activated, both after exogenous damage
and as a result of endogenous processes such as VDJ recombi-
nation.??

Additionally, ATM, DNAPK and c-Abl have each been linked
to radioresistance in some cancer cell lines and tumor sam-
ples;¥*% however, specific radioresistance mechanisms related
to their kinase activities have not been well characterized.
There is some evidence that the Abl inhibitor imatinib can
either protect against IR-induced cell death®® or induce radio-
sensitivity,**? depending on the cell type. Additionally, as
c-Abl inhibition could potentially have undesirable effects in
some cancer contexts, such as disruption of EphB4 tumor-sup-
pressor function® and loss of mismatch-repair-related apopto-
sis,>**> a careful analysis of the details of these signaling path-
ways will be necessary to design kinase inhibitor radiosensitiz-
er treatment strategies.

Experimental Section

Kinase inhibitors: The inhibitors used in this work were KU55933
(10 u™m; in vitro ATM kinase inhibition 1Cs,~13 nm, DNAPK kinase
inhibition >2 pm; Tocris Bioscience), NU7026 (10 um; in vitro
DNAPK kinase inhibition 1C5,~200 nm, ATM kinase inhibition
>50 um; Tocris Bioscience), and imatinib (20 um;Abl kinase inhibi-
tor, in vitro 1C5,~200 nm; LC Laboratories). Autophosphorylation of
each kinase was analyzed by Western blot as a control for relative
inhibitor specificity.

Plasmid constructs: The Abl-WT-EGFP coding region was amplified
by PCR from the Abl-WT-EGFP-N3 vector kindly provided by Dr.
Naoki Watanabe (Kyoto University, Japan) by using the primers 5'-
GGGGC GGCCG CATGG GGCAG CAGCC TGGAA AAGTT-3' and 5'-
GGGAC GCGTT TACTT GTACA GCTCG TCCAT GCCGA GAGTG A-3,
and subcloned into the pLVX-Tight-Puro vector (Clontech Laborato-
ries) to generate an AbI-WT-EGFP TET-inducible expression con-
struct (pLVX-Tight-Puro-Abl-WT-EGFP). The S465A point mutation
was made by using the QuikChange site-directed mutagenesis kit
(Stratagene) with primers 5-GGGAA TTGAC CTGgC TCAGG TTTAT
GAGC-3" and 5-GCTCA TAAAC CTGAG cCAGG TCAAT TCCC-3'. The
mutagenesis was confirmed by sequencing.

Generation of cells with TET-ON-inducible Abl-WT-EGFP expres-
sion: The Abl-WT-EGFP inducible cell lines were generated by lenti-
viral infection of the HEK 293 Tet-On advanced cell line, which ex-
presses one of the tetracycline-controlled transactivators and the
Geneticin (G418) resistance gene (Clontech Laboratories). The lenti-
virus was produced by using the Lenti-X HT packaging system ac-
cording to the manufacturer’s instructions (Clontech Laboratories)
with pLVX-Tight-Puro-Abl-WT-EGFP or Abl(S465A)-EGFP, which ex-
presses the puromycin resistance gene. Infected cells were selected
in puromycin (0.5 ugmL™") and G418 (100 ugmL™"). Inducible
expression of Abl-WT-EGFP or Abl(S465A)-EGFP was assessed by
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treatment with doxycycline and anti-GFP Western blotting. Colo-
nies positive for expression were selected.

Cell culture: HEK 293 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with fetal bovine serum (FBS; 10% v/v),
penicillin/streptomycin (1% v/v), G418 (100 pgmL™"), and puromy-
cin (0.25 ugmL~"; all from Sigma-Aldrich) at 37 °C under CO, (5%).
For the v-Abl pre-B cells,*? cells were cultured in DMEM supple-
mented with FBS (10%), sodium pyruvate (1 mm), L-glutamine
(2 mm), nonessential amino acids (NEAA; 0.1 mm), and 2-mercap-
toethanol (0.00004 % v/v) at 37 °C under CO, (5%).

Peptide synthesis and purification: Amino acids and other pep-
tide synthesis reagents were obtained from Peptides International
(Louisville, KY, USA) except for the Fmoc-biocytin, Ky, Which was
obtained from Akaal Organics (Long Beach, CA, USA) and the pho-
tocleavable residue (3-(2-nitrobenzyl)-3-aminopropionic acid (pur-
chased from Avocado Research Chemicals, Ltd., Heysham, UK, and
Fmoc protected in J. Thomas Ippoliti’s laboratory at the University
of St. Thomas, St. Paul, MN, USA). Peptides were synthesized on a
50 umol scale on CLEAR-Amide resin (mixed with glass beads to
avoid clumping) by using solid-phase Fmoc chemistry (Fmoc-pro-
tected amino acid monomers at 100 mm final concentration) with
a Prelude parallel peptide synthesizer (Protein Technologies,
Tucson, AZ, USA) and using “fast” protocols (coupling time: 2x
10 min; deprotection time: 2x2 min) with 2-(6-chloro-1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU)/N-methylmorpholine (NMM; 95:200 mm final concentra-
tions) as coupling reagent. Peptides were analyzed by HPLC/MS
(Accela/LTQ, Thermo Finnigan) and MALDI TOF/TOF (Voyager 4800,
Applied Biosystems) and were purified by using a C18 reversed-
phase column on an Agilent Technologies 1200 Series preparative
HPLC system.

Biosensor assay

Abl-WT-EGFP HEK 293T cells: Cells were seeded at 0.5-1.5x 10° cells
per well in a six-well plate and allowed to recover for 24 h. Abl-WT-
EGFP construct expression was then induced by treating the cells
for 18-24 h with doxycycline (2 um). When desired, cells were pre-
treated with kinase inhibitors (10 um ATM and/or DNAPK inhibitors,
20 um imatinib) in fresh medium for 20 min before the medium
was removed and the biosensor (25 um) was added in fresh
medium. The cells incubated for 0 or 5 min before IR treatment
(5 Gy). For nonfractionated samples, cells were harvested at differ-
ent timepoints post-IR treatment, collected, washed once with
phosphate-buffered saline, and flash-frozen in PhosphoSafe Extrac-
tion Reagent (Novagen) containing freshly dissolved complete pro-
tease inhibitor (Roche). For subcellular fractionation experiments,
lysates of the cytoplasmic and nuclear fractions were prepared by
using the nuclear extract kit from ActiveMotif (Carlsbad, CA, USA)
according to the manufacturer’s instructions. Representative blots
of fractionated material are given in the Figure S2 to show that the
biosensor was present in each fraction for the Abl-WT-EGFP and
Abl-S465A-EGFP cells.

v-Abl pre-B cells: Cells were seeded at 20x10° cells per well and
pretreated with different kinase inhibitors (10 um ATM and/or
DNAPK inhibitors, 20 um imatinib) for 30 min. Peptide biosensor
(25 um) was added 5 min before 5 Gy IR treatment. Cells were har-
vested post-IR treatment after being incubated for 10 min at 37°C,
prepared, and lysed as described above.

Western blot analysis: Lysate (100 pg protein/non-fractionated sam-
ples or 50 ug protein/each fraction for fractionated samples) was
denatured with NuPAGE Laemmli protein gel loading buffer (Invi-
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trogen) and run on a 4-12% Bis-Tris NUPAGE gel (Invitrogen). Pro-
teins were transferred to nitrocellulose membranes (Bio-Rad) for
1h at 100V and 4°C. Membranes were blocked in 5% milk/TBS-T
(Tris-buffered saline containing Tween 20) for 1 h at room tempera-
ture and cut into two segments: > 15 kDa (containing most en-
dogenous proteins) and <15 kDa (containing biosensor peptide).
The >15 kDa segment was analyzed by immunoblotting using dif-
ferent antibodies: GFP (1:1000, rabbit, Invitrogen)), pATM (S1981,
1:1000, mouse, Abcam), pDNAPK (52056, 1:1000, mouse, Abcam),
and pCrkl (Y207, 1:1000, rabbit, Abcam). The antibody cocktail
included either anti-tubulin (1:100,000, rat, Millipore) or GAPDH
(1:1000, mouse, Abcam) to ensure equal loading. Membranes were
incubated with the cocktail overnight at 4°C. The <15 kDa seg-
ment was analyzed by immunoblotting using a cocktail of anti-
phosphotyrosine antibody 4G10 (1:1000, mouse, Millipore) and
streptavidin labeled with DyLight 680 (1:1000, Rockland Immuno-
chemical, Gilbertsville, PA, USA) and incubated overnight at 4°C.
Membranes were washed (3x5 min, TBS-T), visualized by incuba-
tion for 1 h at room temperature with goat-derived secondary anti-
bodies (1:10000 for anti-mouse and anti-rabbit and 1:20000 for
anti-rat in 5% milk/TBS-T) tagged with IRDye 680 or 800 (LI-COR
Biosciences, Lincoln, NE, USA) and scanned for both dyes simulta-
neously by using a LI-COR Odyssey infrared scanner. Band densities
from scanned images were determined by using QuantityOne soft-
ware (Bio-Rad). Data were plotted in GraphPad Prism software
from biological replicate analyses (n>2 or 3).
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