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Abstract

The ubiquitously expressed Abl protein is a non-receptor tyrosine kinase that undergoes nuclear-
cytoplasmic shuttling and is involved in many signalling 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 the ataxia telangiectasia mutated (ATM) activates nuclear Abl via
phosphorylation at 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
AbI-S456A mutant, which is not capable of being activated by ATM through the canonical site,
was still activated rapidly after IR. We established that DNA-dependent protein kinase (DNAPK)
is likely to be responsible for a second pathway 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 while 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.
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Introduction

Most techniques for monitoring kinase activity depend on isolation of the kinase from its
intracellular context and/or detection of specific phosphorylation sites in endogenous
proteins that aren’t always previously known. Since almost all cellular signaling events
occurring in cells are affected by kinase and substrate interaction partners, this presents
challenges for performing analyses of detailed signaling processes that require intracellular
scaffolding and localization, or for which important endogenous sites have not yet been
described and targeted with antibodies. Furthermore, since many important signaling
proteins are present at low abundance in the cell and their modifications are often
stoichiometrically low and/or in regions of the protein that are not amenable to protease
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digestion, even mass spectrometry-based proteomics cannot detect all the relevant signaling
events that might be occuring in response to biological stimuli. Therefore, we have
developed a complementary approach using 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.

DNA lesions from endogenously-generated and exogenous agents are a normal consequence
of cellular processes. Cells have developed sophisticated response mechanisms to recognize
and repair the resulting damage.l1=3 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 most lethal.[4 5] When DSBs occur, the DNA damage signaling
proteins ataxia telangiectasia mutatated (ATM) protein kinase and DNA-dependent protein
kinase (DNAPK) are recruited to DSBs and activated to coordinate DNA repair with cell
cycle checkpoints.l: & 71 ATM is a member of the PIKK-family of lipid and protein kinases
that phosphorylate protein targets at the S/Q and T/Q motifs.[8 91 ATM itself also is
phosphorylated at multiple residues (serine 367, 1893, and 1981 in human cells) in response
to IR. These phosphorylations have different functions in vivol1%l and can be monitored to
track ATM activation by IR. DNAPK, another member of the PIKK family, is composed of
a catalytic subunit (DNAPKGcs) and a heterodimeric DNA binding subunit (Ku70/80). Like
ATM, its activity is stimulated by recruitment to DSBs by the Ku heterodimer and through
autophosphorylation at multiple residues in response to IR in vivo.[” 11. 12 DNAPK is
essential for DNA repair through non-homologous end-joining (NHEJ) in mammalian cells,
a pathway that promotes cell survival in response to IR.[13-16]

Among the many substrates of ATM is the Abl tyrosine kinase encoded by the ABL 1
genell7]. Cytoplasmic Abl is activated by growth factors, cytokines, cell-matrix adhesion,
microbial infection and many other extracellular signals.[*8 191 One of the key functions of
cytoplasmic Abl is to regulate F-actin dynamics, which underlie a wide variety of cellular
processes that involve actin-polymerization and depolymerization.[2] Nuclear Abl is
activated by genotoxins, in particular, those that cause DSBs in the genomic DNA[18. 21, 22]
(including IR and other DNA-damaging agents) to phosphorylate diverse target proteins
including Rad51, Rad52, WRN, Mdmz2, and p73 to regulate DNA repair, cell cycle
checkpoints and apoptosis.[3: 18. 23] previous studies have identified interactions between
Abl, ATM and DNAPK, and have focused on later events in the DNA damage response (on
the scale of 1-24 hours post-IR) that control return to the cell cycle after repair and/or
initiation of apoptosis. For example, when cells are exposed to IR, ATM phosphorylates Abl
at S465 and activates Abl kinase activity.[17] DNAPK and Abl have been shown to
phosphorylate each other in vitro,[24] although this has not yet been observed in vivo. It is
not known whether ATM and DNAPK act redundantly to phosphorylate Abl at S465 and/or
other residues, or if DNAPK phosphorylates a different site or sites on Abl to regulate its
function in a pathway separate from that governed by ATM. This is partly due to the
challenges of detecting specific phosphorylation sites in a protein like Abl, and more so to
ascribing functional significance to those sites and/or the downstream phosphorylation 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 via IR. To
follow the intracellular activation of Abl in response to IR-induced DNA damage, we used
our previously reported peptide-based biosensor substrate.[2%] This biosensor (Figure 1) has
the following functional modules: a known peptide substrate for Abl,[26] a photocleavable
linker, an Abl SH3 domain-binding ligand peptide,[27] a biotin tag and a cell-penetrating
peptide, TAT,[28] to aid delivery of the biosensor across the plasma membrane. To
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distinguish between the contributions of ATM and DNAPK to Abl activation in the DNA
damage pathway, we generated HEK293 cell lines with stable, Tet-ON inducible expression
of Abl-WT-EGFP and Abl(S465A)-EGFP, which lacks the known ATM phosphorylation
site. We confirmed that the biosensor 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 early (within 10 minutes) when
cells are exposed to IR even if S465 is replaced by alanine and that a DNAPK inhibitor
blocks that activation, providing support for the idea that DNAPK and ATM play unique
roles in rapidly activating Abl after ionizing radiation.

Abl biosensor phosphorylation increases after exposure to IR

Evidence suggests that Abl is activated after exposure to IR, however the current
understanding of this process focuses on timeframes (>1 h) that are fairly far downstream of
the initial DDR.[17: 24. 291 e first confirmed that the biosensor substrate was
phosphorylated by Abl in our Abl-WT-EGFP model by inducing Abl-WT-EGFP expression
via overnight treatment with doxycycline and incubation with either the biosensor peptide
alone (25 wM) or the biosensor in combination with the Abl inhibitor imatinib (20 pM). In
the absence of doxycycline induced overexpression of the kinase, little to no biosensor
phosphory-lation was observed—however, in the presence of overexpressed Abl-WT-EGFP
the peptide was phosphorylated, and this phosphorylation was inhibited by imatinib,
suggesting that Abl-WT-EGFP was responsible for biosensor phosphorylation (see
supporting information Figure S1 for details).

To test whether our Abl biosensor was able to detect Abl activation at earlier points in the
DDR process, we induced kinase expression in our stable cell lines via incubation 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 using the
antiphosphotyrosine antibody 4G10) was seen for cells where Abl-WT-EGFP was not
induced. Quantification of the relative band densities for lanes corresponding to uninduced
samples showed a slight increase in the ratio of 4G10/streptavidin signal, however the
difference was not significant (see supporting information Figure S2). In lanes 3 and 4,
within 10 minutes after irradiation, the phosphorylation signal from the biosensor peptide
rapidly increased approximately four-fold (p=0.002) when compared to the phosphorylation
signal from our biosensor in non-irradiated cells harvested at the same timepoint. In contrast,
phosphorylation of the autophosphorylation-related Y245 in the Abl-WT-EGFP construct
was only slightly increased (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 via these two markers were different, with nearly statistical significance
(p=0.09, where 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, [17] we expected that Abl(S465A)-EGFP would not show increased activity
after DNA damage. However the biosensor was still phosphorylated in this mutant (Figure
2B and C), and even showed slightly a slightly higher degree of basal phosphorylation
(without IR), and a more sustained level of post-IR phosphorylation signal than the Abl-
WT-EGFP (Figure 2C). A modest but significant increase (p = 0.0005 after 10 min.) in
relative Abl activity after IR was still observed (albeit fewer-fold than for Abl-WT-EGFP)
(Figure 2B, row 1 lanes 2, 4 and 6), which was also significantly different than the response
observed via Y245 phosphorylation (2-way ANOVA p=0.037) (Figure 2B, row 5, lanes 2, 4
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and 6, and Figure 2E). 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 promote phosphorylation of
the biosensor peptide. A third possibility was that another kinase besides ATM also
phosphorylated Abl at a different site or sites to activate Abl to participate in the DNA
damage response pathway. DNAPK is a serine/threonine kinase known to be involved in the
DNA damage response that has been shown to physically interact with Abl.[24] A
connection between DNAPK and Abl in regulating the DNA damage response has been
implicated through 77 vitro and intracellular studies.[3 301 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.

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 activation after IR, we used the
ATM and DNAPK kinase inhibitors (KU55933 and NU7026, respectively) in the Abl-WT-
EGFP and Abl-S465A-EGFP cell lines to dissect the potential contributions of each kinase
to IR-induced Abl activation. Cells were pre-treated with an ATM inhibitor, a DNAPK
inhibitor, or both for 20 min followed by addition of the biosensor peptide (5 min
incubation) and irradiation at 5 Gy. As shown in Figure 3, neither single kinase inhibitor
abolished the phosphorylation signal (4G10) from the Abl kinase biosensor in the Abl-WT-
EGFP cell line (Figure 3A). Using our Abl(S465A)-EGFP cell line, we found that the ATM
and DNAPK kinase inhibitors both attenuated Abl activation after IR—suggesting that some
other phosphorylation site might be involved in ATM-dependent activation of our Abl
mutant in this system and/or that off-target effects of the inhibitors were impacting the
results. However, since the level of DNAPK autophosphorylation at S2056 was not
substantially affected by the ATM inhibitor nor was the phosphorylation of ATM at its
autophosphorylation 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. Therefore, to better address the
involvement of ATM in the activation 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 residue homologous to S465 and others in the
C-terminal region of the kinase) and compared IR-responsive biosensor phosphorylation in
these with that observed in the cells that were wild-type for ATM expression.[31: 321 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 inhibitors, respectively). Likewise, in the ATM-null mutant pre-B cells (Abl pre-B
ATMnull), no significant decrease in Abl activation after IR was seen following treatment
with the ATM inhibitor (Figure 4B) (p>0.85), indicating that this version of v-Abl is not
sensitive to some other mechanism of upstream inhibition caused by this ATM inhibitor. On
the other hand, treatment 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 inhibitor (Figure 4B, lane 4) decreased biosensor
phosphorylation to a level comparable to that seen using the Abl inhibitor imatinib (Figure
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4A and 4B, 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-redundant manner,
and that activation of Abl by DNAPK is not dependent on ATM.

Examining subcellular distribution and initial timing of biosensor phosphorylation

In principle, due to its small size our biosensor should be able to access various intracellular
compartments—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 activation in relevant subcellular contexts, we performed
subcellular fractionation experiments using the Abl-WT-EGFP cells exposed to IR. Cells
were incubated with the biosensor peptide added either concurrently with IR or for 5 min
prior to IR, irradiated at 5 Gy and harvested at 5 or 10 min post-IR. The cytoplasmic and
nuclear fractions were isolated as described in the materials and methods (characterized in
the supporting information Figure S3) and analyzed by two-color Licor dye Western blot
using streptavidin and the anti-phosphotyrosine antibody 4G10. As shown via streptavidin
blotting in Figure 5A-B, the biosensor was present in both the nuclear and cytoplasmic
fractions. Phosphorylation of the biosensor was increased as a function of incubation time
even in cells not treated with IR (Figure 5C and D, columns 1-4), however an approximately
3-fold, statistically significant (p <0.05, both with respect to the difference from the no IR
control and the difference 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 5E column 4). These data
indicated that the biosensor was being taken up and distributed very rapidly—within 5-10
min, which is consistent with observations from Stephen Dowdy’s group on the timing of
uptake and nuclear activity for a TAT-tagged CRE recombinase.[33]

The longer pre-IR incubation time (5 min) led to a higher level of basal biosensor
phosphorylation (particularly in the cytoplasm, comparing Figure 5C columns 1-2 and 5D
columns 1-2) and thus lower relative increase upon IR, however the increase in
phosphorylation in the nuclear 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
cytoplasmic fraction by 5 min even in the absence of an increase in biosensor
phosphorylation the nuclear fraction at that timepoint (Figure 5C, columns 3 and 7),
suggesting the possibility that IR-activated Abl-WT-EGFP might be localizing in the
cytoplasm very rapidly after IR exposure, or that the subcellular localization of the peptide
itself is highly dynamic. Nuclear-cytoplasmic shuttling of Abl has been shown to be
important for mediating its role in the DNA damage response,[21: 341 but has not previously
been observed to occur so rapidly after damage. This trend was not statistically significant,
however, and may 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, as well as
imaging of subcellular localization, in systems that do not require overexpression.

Discussion

In this study we use cell lines engineered to express various version of Abl kinase, kinase
inhibitors and an Abl kinase biosensor as chemical biology and pharmacological tools to
provide 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
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still increased, albeit modestly, in response to IR in cells expressing a mutant that cannot be
phosphorylated at a key ATM phosphorylation site (S465 mutated to alanine). This indicates
a role for other phosphorylation sites and/or kinases in stimulating IR-induced Abl activity.
Using ATM and DNAPK kinase inhibitors 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 abolished Abl activation in our assay, suggesting that one or the other is required,
but that either kinase alone is sufficient to activate Abl during the early stages of the DDR.
While 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.[3]
These results are consistent with and complementary to previous data indicating that, even
though ATM typically activates Abl through the phosphorylation of S465 in response to
IR,[27] there also is a functional and likely direct interaction between DNAPK and Abl that
occurs in response to DNA damage.[24] Using the Tet-ON inducible Abl overexpression
system, we also obtained evidence that the biosensor is reaching the nucleus, the relevant
subcellular compartment for detecting DDR-related Abl activation. In addition, these
experiments suggested that the cytoplasmic fraction of Abl is also activated within 5 min
after IR. This provides the first evidence that Abl is activated very early on in the IR-
induced DDR, and that it is either also activated in the cytoplasm by IR or may function to
rapidly communicate information about DNA damage to cytoplasmic proteins.

This intracellular assay strategy therefore provides a unique insight into Abl activation that,
so far, has not been apparent using traditional kinase assay methods and that we did not
observe 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 using /n vitro kinase assays with immunoprecipitated Abl and either the C-
terminal domain (CTD) of RNAPol Il or a Crk construct as substrates.3[17] These
experiments provided key preliminary evidence that DNAPK and Abl interact physically
and functionally, but could not address the potential for differences between interactions /n
vitroversus in the cell. Experiments using the RNAPol 1l CTD as a substrate showed no
relationship between DNAPK and Abl activation as a function of IR, suggesting that
phosphorylation of the RNAPol Il CTD by Abl depends on other protein-protein interactions
or scaffolds not provided by an /n vitro experiment. However other experiments using a Crk-
based substrate 7 vitro did show a dependence on DNAPK for Abl activation. Additionally,
previous work has focused on the role of c-Abl in the later stages of DNA repair, implicating
Abl as an inhibitor or deactivator of DSB repair focil3¢: 371, It has recently been suggested
that Abl might function 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[37]. Using our intracellular biosensor substrate, we have been able to demonstrate
this functional interaction in living cells to address that gap and provide a path to clarifying
the respective roles of DNAPK, ATM and Abl in the IR-induced DNA damage response.

Another advantage of this biosensor substrate is that unlike native, endogenous protein
substrates (which respond specifically to different exogenous stimuli), its phosphorylation
seems to be relatively general. Since IR-induced endogenous substrate phosphoryla-tion is
likely to be transient, localized and dependent on specific protein-protein interactions,
detecting kinase activation via these endogenous proteins can be problematic. First,
detection is highly dependent on either development of phosphorylation site-specific
antibodies or favorable physio-chemical properties of the tryptic (or other protease-
produced) peptides generated from the phosphorylation sites. For example, even though an
excellent phosphospecific antibody exists for CrkL, a well-studied substrate of cAbl known
to be a nuclear receptor, analysis of CrkL phosphorylation at Y207 did not provide any
insight into Abl activation after IR. [38] Second, the low stoichiometry of modification can
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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
turnover obtained upon functional activation of the kinase, we are able to access a
reasonable dynamic range for Abl kinase activity utilizing our sensor substrate to a point
where it is easily detectable with a general, well-characterized antibody (4G10). It is
important to point out, however, that the difference in detection sensitivity between
uninduced and induced samples suggests that Abl kinase natively expressed in HEK293
cells exists at levels below the dynamic range of the Western blot-based detection method
used for this assay. This is likely to be cell-line dependent and thus should be characterized
in each new system used by others.

Context is important for understanding the roles of substrates and phosphorylation sites,
however, there may also be value in simply knowing whether a kinase has been functionally
activated or not, without relying on detailed foreknowledge 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 for
activation.[3%] However, in the overexpression system used here, the extent and temporal
trends of Y245 phosphorylation were distinct from the activity observed using our sensor
peptide (Figure 2). Certainly some of this effect is due to the relative differences in antibody
sensitivities for 4G10 vs. the anti-phospho-Abl(Y245) antibodies. However, the differences
in the trends observed might be because 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 using the biosensor peptide were different than those detected via the
autophosphorylation site, this technique seems to provide complementary 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 primary 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 biosensor described here can be
monitored in a standard, simple manner using either the generic phosphotyrosine antibody
4G10 or label-free mass spectrometry (as we have previously demonstrated(2°]), this
strategy could be advantageous for molecular 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 activity early in the DNA
damage response,[20: 40. 411 a5 \well as provide a starting point and potential tool for further
examination on 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 phosphorylate Rad51 and Rad52[42] in
an ATM-dependent manner [43], which are also involved in homologous recombination.
DNAPK, on the other hand, is recruited by the Ku complex and stimulates other methods of
repair including non-homologous end joining, typically thought of as more error-prone
processes. Some preliminary evidence has shown that Abl phosphorylates WRN,[44] a
helicase that is mutated in Werner’s syndrome patients and which has been linked to non-
homologous end joining. Furthermore, NHEJ is known to be upregulated in chronic
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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.[4®] 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 \VVDJ recombination.[32]

Additionally, ATM, DNAPK and c-Abl have each been linked to radioresistance in some
cancer cell lines and tumor samples,[46-49] 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!>1: 521 depending on the cell type. Additionally, since c-Abl inhibition could
potentially have undesirable effects in some cancer contexts, such as disruption of EphB4
tumor suppressor function®3! and loss of mismatch repair-related apoptosist>4 51, a careful
analysis of the details of these signaling pathways will be necessary to design kinase
inhibitor radiosensitizer treatment strategies.

Experimental Section

Kinase inhibitors

The inhibitors used in this work were: KU55933 (10 M) (/n vitro ATM kinase inhibition
IC509 ~13 nM, DNAPK kinase inhibition >2 pM)(Tocris Bioscience); NU7026 (10 uM) (/in
vitro DNAPK kinase inhibition 1C59 ~200 nM, ATM kinase inhibition >50 M) (Tocris
Bioscience) and imatinib (20 M) (Abl kinase inhibitor, /n vitro 1Csy ~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), using the primers
5 -GGGGCGGCCGCATGGGGCAGCAGCCTGGAAAAGTT-3" and 5’ -GGG
ACGCGTTTACTTGTACAGCTCGTCCATGCCGAGAGTGA-3’, and subcloned into the
pLVX-Tight-Puro vector (Clontech Laboratories) to generate an Abl-WT-EGFP TET-
inducible expression construct (pLVX-Tight-Puro-Abl-WT-EGFP). The S465A point
mutation was made using the QuikChange site-directed mutagenesis kit (Stratagene) using
primer (5"-GGGAATTGACCTGgCTCAGGTTT ATGAGC-3" and 5’-
GCTCATAAACCTGAGCCAGGTCAATTCCC-3"). The mutagenesis was confirmed by
sequencing.

Generation of cells with TET-ON inducible Abl-WT-EGFP expression

Cell culture

The Abl-WT-EGFP inducible cell lines were generated by lentiviral infection of the HEK
293 Tet-On Advanced Cell Line, which expresses one of the tetracycline-controlled
transactivators and the Geneticin (G418) resistance gene (Clontech Laboratories). The
lentivirus was produced using the Lenti-X HT packaging system according to the
manufacturer’s instructions (Clontech Laboratories), using the pLVX-Tight-Puro-Abl-WT-
EGFP or Abl(S465A)-EGFP, which expresses the puromycin resistance gene. Infected cells
were selected in puromycin (0.5 pg/ml) and G418 (100 pg/ml). Inducible expression of Abl-
WT-EGFP or Abl(S465A)-EGFP was assessed by treatment with doxycycline and anti-GFP
Western blotting. Colonies positive for expression were selected.

HEK?293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with fetal
bovine serum (10% v/v), penicillin/streptomycin (1% v/v), G418 (100 pg/ml) and
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puromycin (0.25 pg/ml) (all from Sigma Aldrich, Inc.) at 37°C in CO5 (5%). For the v-Abl
pre-B cells [32] cells were cultured in DMEM supplemented with fetal bovine serum (10%),
sodium pyruvate (1 mM), L-glutamine (2 mM), nonessential amino acids (NEAA) (0.1 mM)
and 2-mercaptoethanol (0.00004% v/v) at 37°C in CO, (5%).

Peptide synthesis and purification

Amino acids and other peptide synthesis reagents were obtained from Peptides International
(Louisville, KY, USA) except for the Fmoc—biocytin (Kyjgtin, Obtained from Akaal
Organics, Long Beach, CA, USA) and the photocleavable residue (3-(2-nitrobenzyl)-3-
aminopropionic acid (purchased from Lancaster Synthesis and Fmoc-protected by J. Thomas
Ippoliti’s lab at the University of St. Thomas, St. Paul, MN, USA). Peptides were
synthesized at a 50-pumol scale on CLEAR-Amide resin (mixed with glass beads to avoid
clumping) using solid-phase Fmoc chemistry (Fmoc-protected 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: 2 x 10 min; deprotection time:
2 x 2 min) with HCTU/NMM (2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate/N-methylmorpholine, 95 mM/200 mM final
concentrations) as coupling reagent. Peptides were analyzed with high-performance liquid
chromatography (HPLC)/MS (Accela/LTQ, Thermo Finnigan) and MALDI TOF/TOF
(Voyager 4800, Applied Biosystems, Foster City, CA, USA) and were purified using a C18
reverse-phase column on an Agilent Technologies 1200 Series preparative HPLC system
(Santa Clara, CA, USA).

Biosensor assay

Abl-WT-EGFP HEK293T cells—Cells were seeded at 0.5-1.5 x 10° cells/well in 6-well
plate and allowed to recover for 24 h. Induction of Abl-WT-EGFP construct expression was
then achieved by treating the cells for 18-24h with doxycycline (2 uM). When desired, cells
were pre-treated with kinase inhibitors (10 uM ATM and/or DNAPK inhibitors, 20 pM
imatinib) in fresh medium for 20 min before removing the medium and adding the biosensor
in fresh medium. The peptide biosensor (25 M) was added and the cells incubated for O or
5 min before IR treatment (5 Gy). For non-fractionated samples, cells were harvested at
different time-points post-IR treatment, collected, washed once with PBS and flash-frozen in
PhosphoSafe Extraction Reagent (Novagen, San Diego, CA, USA) containing freshly
dissolved complete protease inhibitor (Roche, Nutley, NJ, USA). For subcellular
fractionation experiments, lysates of the cytoplasmic and nuclear fractions were prepared
using the Nuclear Extract Kit from ActiveMotif according to the manufacturers instructions.
Representative blots of fractionated material are given in the supporting information (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 20x 10° cells per well and pre-treated with
different kinase inhibitors (10 uM ATM and/or DNAPK inhibitors, 20 .M imatinib) for 30
min. Peptide biosensor (25 wM) was added for 5 min before 5 Gy IR treatment. Cells were
harvested post-IR treatment after incubating for 10 min at 37 °C, prepared and lysed as
described above.

Western blot analysis

Lysate (100 pg protein/non-fractionated samples or 50 g protein/each fraction for
fractionated samples) was denatured with NUPAGE Laemmli protein gel loading buffer
(Invitrogen) and run on a 4-12% Bis—Tris NUPAGE gel (Invitrogen). Proteins were
transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) for 1 h at 100V and
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4 °C. Membranes were blocked in 5% milk/TBS-T (Tris-buffered saline containing Tween
20) for 1 h at room temperature and cut into two segments: >15 kDa (containing most
endogenous proteins) and <15 kDa (containing biosensor peptide). The >15-kDa segment
was analyzed with immunoblotting using different antibodies: GFP (1:1000, rabbit,
Invitrogen)), pATM (51981, 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
segment was analyzed with immunoblotting using a cocktail of anti-phosphotyrosine
antibody 4G10 (1:1000, mouse, Millipore) and streptavidin labeled with DyLight 680
(1:1000, Rockland Immunochemical) and incubated overnight at 4 °C. Membranes were
washed (3 x 5 min, TBS-T), visualized by incubating for 1 h at room temperature with goat-
derived secondary antibodies (1:10,000 for anti-mouse and anti-rabbit and 1:20,000 for anti-
rat in 5% milk/TBS-T) tagged with IRDye 680 or 800 (LI-COR Biosciences) and scanned
for both dyes simultaneously using a LI-COR Odyssey infrared scanner. Band densities
from scanned images were determined using QuantityOne software (Bio-Rad). Data were
plotted in GraphPad Prism software from biological replicate analyses (7= 2 or 3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall schematic for the strategy used in this work

A) Shows the 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 specific for the Abl kinase.
The Abl SH3 ligand sequence acts to further promote this specificity by providing
interaction with the Abl SH3 domain, making the biosensor peptide a better mimic of native
substrates, which include such protein-protein interaction modules. Kpjqiin = lysine
biotinylated on the -y-amino group (side chain) is included for detecting the total amount of
biosensor via streptavidin blotting; The photolinker (a 3-(2-nitrobenzyl)-3-aminopropionyl
residue) is incorporated in case detection with mass spectrometry is used (as we have
previously reported[2®]) however this is not important for the work described in this
manuscript. B) Shows a 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.
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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,M) was added and cells were incubated at
37°C for 5 min, then treated with IR (5 Gy). Cells were harvested at different times post IR
treatment as indicated. A) Western blot analysis using quantitative two-color Licor IR-dye
imaging showed that the phosphorylation of the biosensor peptide (detected via 4G10 signal
just below the 6 kDa molecular weight marker, confirmed via overlaid signal from
streptavidin visualized 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).
Immunoblotting 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-
AbI(YY245) and anti-GFP signals over independent replicate experiments were calculated
and the phosphorylated signals (4G10 and phospho-c-Abl(YY245)) were divided by their
respective ‘total’ marker signals (streptavidin, labelled as strept, and anti-GFP, respectively)
and plotted together. Axes are labelled as 4G10/strept or norm increase (+IR), meaning the
increase in the 4G10/strept signal for samples treated with IR vs non-IR controls. Error bars
represent SEM, and statistical significance (p<0.05) of the change vs. non-irradiated cells is
indicated using *. For the Abl-WT-EGFP biosensor data, N = 5 and for the phospho-Y?245
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data N = 3. For the Abl-S465A-EGFP biosensor data, N = 4 and for the phospho-Y245 data,
N=2.
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Figure 3. Inhibition of DNAPK decreases 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 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 replicates, 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 using
antiphospho-antibodies to their respective autophosphorylation/activation sites (51981 for
ATM and S2056 for DNAPK). C) and D) Data 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 via *). Y-axes represent increase in
4G10/streptavidin signal in samples treated with IR vs. non-IR controls, and are labelled as
+IR/-IR. Error bars represent SEM.
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Figure 4. IR-dependent activation of Abl kinase in murine v-Abl-expressing pre-B ATM ('/')
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 averaged
and plotted. Statistically significant differences (p<0.05) between ATM (WT) and ATM
(null) are indicated via *. Y-axis is labelled as norm increase (+IR), meaning the increase in
the 4G10/strept signal for samples treated with IR vs non-IR controls. Error bars represent
SEM.
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Figure 5. The Abl biosensor peptide is present and phosphorylated in both the cytoplasmic 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 simultaneously examined subcellular localization and the earliest
practical timepoint for post-IR sample processing. Western blotting was performed for
biotinylated (Strept) and phosphorylated (4G10) peptide from 50 pg/lane of each subcellular
fraction from cells incubated with the biosensor peptide A) concurrently with IR treatment
or B) pre-treated for 5 min prior to IR. A) In cells expressing Abl-WT-EGFP, the biosensor
peptide is observed in both the cytoplasmic (e.g. lanes 1 and 2) and nuclear (e.g. lanes 3 and
4) fractions 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
relative intensity following IR). Y-axes are labelled as 4G10/strept or +IR/~IR, meaning the
increase in the 4G10/strept signal for samples treated with IR vs non-IR controls. Error bars
represent SEM, and statistical significance (p<0.05) is indicated using *.
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