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Abstract

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and Ataxia telangiectasia mutated
(ATM) are the two major kinases involved in DNA double-strand break (DSB) repair, and are
required for cellular resistance to ionizing radiation. While ATM is the key upstream kinase for
DSB signaling, DNA-PKcs is primarily involved in DSB repair through the non-homologous end-
joining (NHEJ) mechanism. In addition to DSB repair, ATM has been shown to be involved in
oxidative stress response and could be activated directly in vitro upon hydrogen peroxide (H,05)
treatment. However, the role of DNA-PKGcs in cellular response to oxidative stress is not clear. We
hypothesize that DNA-PKcs may participate in the regulation of ATM activation in response to
oxidative stress, and that this regulatory role is independent of its role in DNA double strand break
repair. Our findings reveal that HoO» induces hyperactivation of ATM signaling in DNA-PKcs
deficient, but not Ligase 4 deficient cells, suggesting an NHEJ-independent role for DNA-PKcs.
Furthermore, DNA-PKcs deficiency leads to the elevation of reactive oxygen species (ROS)
production, and to a decrease in cellular survival against HyO5. For the first time, our results
reveal that DNA-PKcs plays a non-canonical role in the cellular response to oxidative stress,
which is independent from its role in NHEJ. In addition, DNA-PKcs is a critical regulator of the
oxidative stress response and contributes to the maintenance of redox homeostasis. Our findings
reveal that DNA-PKcs is required for cellular resistance to oxidative stress and suppression of
ROS build-up independently to its function in DSB repair.
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Introduction

Cells living in an oxygen-rich environment are constantly challenged by oxidative stress,
whereby the production of oxidants, including reactive oxygen and nitrogen species (ROS
and RNS, respectively) exceeds the cellular anti-oxidative capacity. ROS, including the
superoxide anion radical (O,""), hydrogen peroxide (H,05), and the hydroxyl radical ("OH)
are generated as byproducts during aerobic metabolism in mitochondria, and are the primary
causes for oxidative stress [1]. Among these ROS, *OH is highly bioreactive, and can react
directly with the 2-deoxyribose moiety as well as with purine and pyrimidine bases, leading
to the formation of single strand breaks, abasic sites, and oxidatively damaged bases,
whereas O,°~ and its dismutation product H,O, do not exhibit detectable reactivity towards
DNA in aqueous solutions [2, 3]. Despite their decreased reactivity, H,O, can be
transformed into *OH in the presence of ferrous cuprous ions through Fenton reaction.
Additionally, there are other biologically relevant radical or non-radical oxidants that could
trigger oxidative stress, such as singlet oxygen, generated upon photosensitized reaction [3].
Oxidative stress influences many physiological and pathophysiological processes, and can
be provoked by diverse exogenous and endogenous stimuli, such as inflammatory cytokines,
hypoxia, ultraviolet light, ionizing radiation (IR), and chemotherapeutics [4]. Excessive or
chronic oxidative stress will damage all cellular components including DNA and the
accumulation of oxidatively damaged DNA is being considered as the key driving force of
aging-related diseases and cancer [5, 6].

Ataxia telangiectasia mutated (ATM) and DNA-dependent protein kinase catalytic subunit
(DNA-PKCcs) are members of PI3K-like kinases, and are key regulators of the DNA double-
strand break (DSB) repair response [7]. ATM is the major DSB-signaling kinase and plays a
versatile role in the cellular response to DSBs, including regulating cell cycle arrest,
apoptosis, senescence, and proliferation [8]; however, DNA-PKcs is primarily involved in
DSB repair through the non-homologous end-joining (NHEJ) mechanism [9]. Besides their
similarity in structure and function, ATM and DNA-PKcs share overlapping roles in DNA
damage response and mutually regulate each other [10, 11]. For example, ATM-dependent
DNA-PKcs phosphorylation at the T2609 cluster is critical for DSB repair [12]. On the other
hand, DNA-PKcs is required to facilitate ATM expression as ATM protein levels decrease
in the absence of DNA-PKcs [13]. Therefore, DNA-PKcs can backup ATM function in
signaling regulation in ATM deficient cells [10, 11].

In addition to its critical function in DSB repair, it has been speculated that ATM plays a
pivotal role in the cellular response to oxidative stress as seen by the increased sensitivity to
oxidative stress in ataxia telangiectasia (A-T) patients [14, 15]. The direct evidence and
molecular mechanism was shown by Guo et al. that H,O, treatment induces ATM
dimerization and kinase activation in vitro independent of the Mre11-Rad50-Nbs1 (MRN)
complex[16]. These results suggest that ATM alone could be the direct sensor of ROS and
trigger downstream signaling events. Despite the degree of overlap between ATM and
DNA-PKcs, and the evidence linking ATM to oxidative stress, it is not clear whether DNA-
PKcs is involved in the cellular response to oxidative stress.
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In the present study, we report that the ATM signaling pathway is hyperactive in response to
H,0, treatment in the absence of DNA-PKcs. This hyperactivation of ATM correlates to an
elevation in ROS production and/or oxidatively damaged DNA, but not in defective DSB
repair. These results demonstrate for the first time that DNA-PKcs is critical to HyO,-
induced oxidative stress response, and that it participates in redox homeostasis to prevent
hyperactivation of ATM signaling pathway.

Hydrogen peroxide induces ATM hyperactivation in DNA-PKcs deficient cells

ATM and DNA-PKcs are the major kinases activated in response to DSB and they share
some overlapping functions in DNA damage response. To examine whether DNA-PKcs
plays a role in the cellular response to oxidative stress, human colon cancer HCT116 cells
and its derivative DNA-PKcs knockout (DNA-PKcs™") cells were subjected to the
increasing concentrations of H,O, incubation for 30 min and were analyzed for the
activation of ATM signaling pathway including ATM Ser1981 autophosphorylation as well
as ATM dependent Chk2 and p53 phosphorylations. In DNA-PKcs™ cells, there is a
reduction of ATM protein levels as previously described [13]. Despite the reduction in total
ATM protein levels, ATM Ser1981 phosphorylation was significantly induced in DNA-
PKcs ™~ cells, as compared to the parental HCT116 cells (Fig. 1A). Time course analysis
further revealed that the levels of ATM Ser1981 phosphorylation were elevated and
sustained in DNA-PKcs™~ cells in response to H,0, (Fig. 1B). ATM Ser1981
phosphorylation was transiently induced by H,O5 treatment in the parental HCT116 cells
with a peak induction at 30 min post treatment; in contrast, Ser1981 phosphorylation levels
in DNA-PKcs ™ cells was significantly increased starting at 15 min and remained high for
at least 4 h post H,O5, treatment. Both the dosage response and time course kinetics clearly
demonstrates that ATM Kkinase is hyper-activated in response to H,O, treatment in the
absence of DNA-PKcs, despite the reduction of ATM protein expression levels. In
agreement, siRNA-mediated DNA-PKcs depletion in HeLa cells also led to a reduction in
ATM protein expression and an increase in Ser1981 autophosphorylation upon H,O»
treatment (Fig. 1D).

In addition to the hyperactivation of ATM, our data showed that ATM-mediated
downstream signaling events, including Chk2 phosphorylation at Thré8 and p53
phosphorylation at Ser15, were both elevated in DNA-PKcs™~ cells in response to H,05
treatment (Figs.1A and 1B). Taken together, our results suggest that DNA-PKcs deficiency
leads to a hyperactivation of ATM and a sensitization of its signaling pathway in the wake
of H,0, treatment.

DNA-PKcs deficiency sensitizes ATM signaling to different oxidative stress agents

To examine whether ATM hyperactivation in the absence of DNA-PKcs is not limited to
H»0, treatment but reflects a general response to cellular oxidative stress, wild type and
DNA-PKcs™~ HCT116 cells were subjected to various oxidative stress and genotoxic
agents. As shown in Fig. 2A, hyperactivation of ATM Ser1981 phosphorylation was
observed in DNA-PKcs™~ cells in response to tert-butyl hydroperoxide (TBHP, a short-
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chain organic hydroperoxide) and Rotenone (an inhibitor of mitochondrial electron
transport), both of which are commonly used to induce the production of ROS and generate
a state of oxidative stress. ATM hyperactivation was also observed following exposure to -
rays, which produces both DSBs and an increase in "OH levels. Contrary to known oxidative
stress inducers, etoposide and hydroxyurea (HU) causing DSBs and replication stress,
respectively, did not further stimulate ATM Ser1981 phosphorylation in DNA-PKcs™~ cells.
We observed similar results in HeLa cells after siRNA deletion of DNA-PKcs, whereby HU
treatment did not further stimulate ATM Ser1981 hyper-phosphorylation, as compared to
H,0, treatment (Supplemental Fig. S1). Lastly, pretreatment with free radical scavenger N-
acetyl-L-cysteine (NAC) significantly attenuates ATM Ser1981 phosphorylation in response
to H,O5 but not after y-rays irradiation (Fig. 2B).These results suggest that ATM
hyperactivation is not due to an impaired DSB repair mechanism following the absence of
DNA-PKcs, but point to a deficit in the cellular response to oxidative stress.

In order to clarify the impact of DNA-PKcs downstream NHEJ activity in sensitizing the
ATM signaling pathway, ATM hyperactivation following H,O, treatment was further
examined in HCT116 derivative Ligase4 knockout (Ligase4™") cells. If ATM
hyperactivation in DNA-PKcs ™~ cells is due to impaired DSB repair, we expect that ATM
hyperactivation would also occur in Ligase4™~ cells. Contrary to DNA-PKcs ™~ cells, ATM
hyperactivation was only slightly enhanced in Ligase4™~ cells following H,0, as seen by
ATM Ser1981 phosphorylation levels that follow the trend of parental HCT116 cells (Figs.
3A and 3B). Similarly, our data showed that there was no significant induction of Chk2
Thr68 and p53 Ser15 phosphorylations in Ligase4 ™~ cells, whereas both events were
intensified and maintained in DNA-PKcs™~ cells. Thus, H,05-induced ATM
hyperactivation in DNA-PKcs ™ cells cannot be explained simply by the impaired NHEJ or
faulty DSB repair. Taken together, our results suggest that DNA-PKcs mediates a DSB
repair-independent mechanism in the cellular response to oxidative stress.

Involvement of DNA-PKcs in the oxidative stress response

To determine whether DNA-PKcs kinase is activated in response to oxidative stress, DNA-
PKcs autophosphorylation at Ser2056 (3) was analyzed in HCT116 cells following treatment
with H,O». Time course analysis revealed that HoO, induced DNA-PKcs Ser2056
phosphorylation, but the kinetics was significantly slower than those of ATM Ser1981
phosphorylation. An increase in DNA-PKcs Ser2056 phosphorylation was apparent at 1 h
and further increased at 2-4 h (Fig. 4A), whereas ATM Ser1981 phosphorylation was
observed at 15 min and peaked at 30 min (Fig. 1B). It is unlikely that HoO»-induced DNA-
PKcs Ser2056 phosphorylation is dependent on DSB production, since we did not detect a
significant increase in YH2AX (Fig. 4A), a known marker of DSB [17]. Nonetheless, we
cannot completely rule out this scenario, as higher concentrations of H,O, could induce
DSB formation and elicit DNA damage responses [18]. DNA-PKcs Ser2056
phosphorylation levels became visible in response to 30 min treatments with 100 uM or
higher doses of H,0, (Fig. 4B). In comparison, ATM Ser1981 phosphorylation could be
detected robustly in response to H,O, doses as low as 10 pM, whereas no induction was
found in ATR phosphorylation at Ser428 (Fig. 4B).
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It is possible that the rapid induction of the ATM signaling pathway upon oxidative stress is
required for a subsequent activation of the DNA-PKcs kinase. To test this possibility, HeLa
cells expressing small hairpin RNA against ATM (shATM) or green fluorescent protein
(shGFP) were treated with HO, and DNA-PKcs Ser2056 phosphorylation levels were
assessed. Immunoblotting results revealed that no further stimulation of DNA-PKcs Ser2056
phosphorylation was found in ATM deficient cells in response to H,0, (Fig. 4C).

DNA-PKcs deficiency enhances ROS production in response to oxidative stress

As ATM is a direct sensor of ROS, it is plausible that H,O,-induced ATM hyperactivation
is due to a dysregulation in ROS production in DNA-PKGcs deficient cells. To test this
hypothesis, wild type, DNA-PKcs ™, and Ligase4™~ HCT116 cells were exposed to Hy0,,
and were analyzed by flow cytometry using the commonly applied fluorescent indicator
dichlorodihydrofluorescein diacetate (H2DCF-DA). While H2DCF-DA was initially used as
a general ROS detection, it reacts primarily with *OH and is able to react with other types of
organic radicals such as thiyl radicals [19-22]. Our analysis revealed that H,O, treatment
did not alter ROS production in HCT116 and Ligase4™~ cells; however, H,0, caused
significant ROS production in DNA-PKcs ™ cells (Fig. 5A). Increase in ROS production
was detectable in DNA-PKcs™~ cells within 1 h. Quantification analysis revealed that there
was a 2.05 + 0.14 folds increase of ROS at 2 h in DNA-PKcs™~ cells compared to 0.87 +
0.14 in wild type cells and 1.11 + 0.15 in Ligase4~~ cells (Fig. 5B). In comparison,
treatment with 50 mM H,0, caused a 2.22+0.16 folds increase of ROS production in HeLa
SshATM cells and a 1.27+0.11 folds increase in HeLa shGFP cells (Supplemental Fig. S2).
To further evaluate the DNA damage by elevated ROS production in DNA-PKcs™ cells,
relative to the parental HCT116 and Ligase4 ™'~ cells, we performed the alkaline comet assay
to measure the direct nicks and alkali-labile sites in DNA, presumably induced by oxidative
stress [23-25]. Consistent with the elevation of ROS production, H,O5 treatment
significantly increased comet tail moment in DNA-PKcs™~ cells (p<0.0001) at 2h (Fig. 5C).
Furthermore, the production of oxidatively generated damage to DNA appears to be
independent of DSB repair as Ligase4 '~ cells and wild type HCT116 cells displayed similar
and significantly less comet tail moment than DNA-PKcs™~ cells (p<0.0001).

DNA-PKcs deficient cells are susceptible to oxidative stresses

It is possible that DNA-PKGcs activity is required to counteract oxidative stress and prevent
buildup of dangerous levels of ROS, which would otherwise interfere with normal cellular
activities, leading to oxidatively damaged DNA and decreases in cell viability. To test this
possibility, HCT116, DNA-PKcs ™, and Ligase4™'~ cells were subjected to a transient 50
UM H,0, treatment forl h and washed with normal culture medium. Flow cytometry
analysis revealed that transient H,O, treatment induces cell cycle checkpoint response and
G2 arrest in DNA-PKcs™~ cells, but not in HCT116 or Ligase4 ™/~ cells (Fig. 6C), which is
consistent with sustained activation of ATM and Chk2 in DNA-PKcs ™~ cells. At 24 h
following transient H,O, treatment, we also observed a specific induction of apoptotic cell
population (Annexin-V positive and 7-AAD negative) in DNA-PKcs™~ cells (Fig. 6A). In
untreated cell populations, similar fractions of apoptotic cells were found in all three cell
lines. In response to 1 h H,0, treatment, no significant induction of apoptosis occurred in
HCT116 and Ligase4 ™~ cells, whereas there was a two-fold increase of apoptotic cells in
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DNA-PKcs™~ cells (Fig. 6B). Similar results were generated from clonogenic survival assay
that DNA-PKcs ™~ cells are susceptible to H,0, treatments as compared to HCT116 and
Ligase4 ™~ cells (Fig. 6D). Taken together, these results further confirm that there is a
NHEJ-independent activity of DNA-PKcs required for the cellular response and resistance
to oxidative stress.

Discussion

ATM and DNA-PKcs are the major DNA repair kinases in the cellular response to DSBs.
ATM plays a central role in DSB signaling required for cell-cycle checkpoint and can also
directly participate in DNA damage repair, whereas DNA-PKcs is involved primarily in
NHEJ-mediated DSB repair. Despite their distinctive functions, ATM and DNA-PKcs share
overlapping duties in substrate phosphorylation and could mutually regulate each other [10,
11, 26, 27]. Here we further demonstrate that DNA-PKcs coordinates with ATM in the
cellular response to oxidative stress. In the absence of DNA-PKcs, ATM is hyper-reactive to
H,0, treatment, as illustrated by the elevation of ATM dependent phosphorylations at ATM
itself, Chk2, and p53. Hyperactivation of ATM signaling pathway in DNA-PKcs™~ cells
also correlates to cell cycle arrest at G2 checkpoint, increased apoptosis, and decrease of
survival against H,O» treatment. ATM hyperactivation is probably due to an imbalance of
ROS production in DNA-PKcs ™~ cells but not to defects in DSB repair as ATM signaling
was normal and not elevated in Ligase4 ™~ cells. Furthermore, there were distinctions in
ROS production and sensitivity toward H,0, treatment between DNA-PKcs ™~ and
Ligase4 ™~ cells. Taken together, our results demonstrate an NHEJ-independent mechanism
of DNA-PKGcs in oxidative stress response, and that DNA-PKcs could modulate the
production of ROS.

ATM deficiency in human has been well characterized in the A-T disorder including
impaired DNA damage responses, increased cancer risk, and progressive cerebellar ataxia
and degeneration [28]. In addition, A-T cells display high levels of oxidative stress
indicating that ATM is an important regulator of oxidative stress response [15]. The
molecular mechanism was demonstrated by a recent finding that H,0, facilitates ATM
homo-dimerization and its kinase activation even in the absence of the MRN complex [16].
Conversely, ATM activation upon DSBs requires MRN dependent recruitment of ATM and
unwinding of the DNA ends to activate ATM [29]. H,O»,-mediated ATM activation can be
seen by ATM autophosphorylation at Ser1981 and its downstream target phosphorylations
including p53 and Chk2 but not H2AX [16], which further demonstrates that H,O»-induced
ATM activation is independent of DSB production. To generate DSBs in cellular DNA, two
independent radical hits are required on each of the opposite DNA strands in close
proximity, which typically occurs after IR due to the high density of radicals generated at
the site of energy deposit. It is unlikely that H,O, treatment and subsequent *OH production
through Fenton type reactions will cause such DSB events. This is in agreement with our
results that moderate dose of H,O, activates ATM signaling without causing immediate
induction of YH2AX (Fig 4A,B), and that DSB repair defective Ligase4™~ cells did not
cause ATM hyperactivation (Fig 3) and were resistant to H,O, treatment (Fig 6). Another
interesting observation was that the antioxidant NAC significantly decreased ATM
activation induced by H,0, treatment but not after IR (Fig 2). NAC alone is able to
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scavenge the bioreactive "OH and it can also serve as a precursor of glutathione to reduce
the levels of low reactive O,*~ and H,0O5 [30]. Thus, the protective effect of NAC against
H,0, but not against IR further indicates that DSB formation is neglectable in response to
H,0, treatment.

Our results indicate that DNA-PKcs kinase activity (as measured by Ser2056
autophosphorylation) is elicited upon H,0O, treatment (Fig 4). While H,0 induces rapid
activation of ATM signaling pathway, DNA-PKcs activation was detected 1 h after H,O,
treatment regardless the presence or absence of ATM protein and was not correlated to
vH2AX (Fig 4). These results suggest that H,O,-induced DNA-PKcs activation (and/or
Ser2056 autophosphorylation) is neither a downstream event of ATM signaling nor a DSB
response, although it would be difficult to completely rule out the DSB connection with our
current analyses. Nonetheless, multiple lines of recent evidence have implicated a role of
DNA-PKcs in oxidative stress response. DNA-PKcs has been found to associate with base
excision repair (BER) protein complex essential for removing oxidative base damage [31].
Among the core BER components, XRCC1 was shown to directly interact with and be
phosphorylated by DNA-PKcs [32]. In addition, Peddi et al. reported that inhibition of
DNA-PKcs attenuates the repair of oxidatively induced clustered DNA lesions upon IR or
H,0, treatment [33]. It is plausible that DNA-PKcs is activated and participates in the repair
of oxidatively induced non-DSB lesions. Coincidentally, it was reported that Ku possesses a
5’-deoxyribose-5-phosphate (5’-dRP)/AP lyase activity resembling that of DNA polymerase
beta (Polf) and could excise abasic sites near DSBs in vitro (40). Thus, further investigation
the role of DNA-PK complex in BER would clarify the mechanism of H,O,- induced DNA-
PKcs activation.

In addition to cellular and biochemical analyses, studies from genetically modified mouse
models also correlate ATM and DNA-PKcs in oxidative stress response. It was reported that
there is an age-dependent loss of hematopoietic stem cells (HSCs) in older ATM ™~ mice
due to an elevation of ROS, and that treatment with free radical scavenger NAC was able to
alleviate the oxidative stress response in ATM™~ mice [34]. Similarly, we reported that
DNA-PKcs-3A knock-in mice harboring mutation at the human equivalent Thr2609 cluster
(targeted by ATM and ATR kinases) let to HSCs loss and congenital bone marrow failure
characters [35]. Overproduction of ROS was also detected in HSCs isolated from DNA-
PKcs-3A mice [36]. However, NAC treatment was unable to rescue HSC defect in DNA-
PKcs-3A mice, which probably reflects the differential severities of HSC impairment in
these mouse models. It is likely that NAC treatment alone is unable to overcome the
multiple DNA repair defects caused by the DNA-PKcs-3A mutant protein [35].

DNA-PKcs deficiency has been identified in mice and several mammals with the classic
severe combined immunodeficiency (SCID) character due to defect in V(D)J recombination
and failed development of T-B-lymphocytes [37, 38]. DNA-PKcs deficient SCID mice have
a relative normal life span and are widely used in tumor xenograft studies. However, little
was known about germline mutations in DNA-PKcs encoding PRKDC gene in human until
recently [39, 40]. A missense mutation (L3062R) conferred impaired DSB repair and
radiosensitivity was first identified from a SCID patient, although L3062R mutation it did
not affect DNA-PKcs protein expression or its kinase activation [39]. A true hypomorphic
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RPKDC patient with different mutations at both alleles, one Aexon16 mutation inactivated
DNA-PKcs and one missense A3574V mutation led to a diminished DNA-PKcs expression,
was recently reported by Woodbine et al reported [40]. The patient suffered impaired DSB
repair and SCID character as predicted. In addition, the patient displayed severe growth
failure, microcephaly, and global impairment in neurological function not found in patients
defective in NHEJ or other DNA repair pathway [41]. We can speculate that the severity of
hypomorphic germline mutations of DNA-PKcs in human will lead to dysregulation of ROS
production and a hyperactive ATM signaling pathway based on our current studies. It is
foreseeable that ATM hyperactivation would severely compromise normal development due
to elevated checkpoint and apoptosis responses.

ATM has been known to be a key regulator of the oxidative stress response. However, it is
not clear whether DNA-PKGcs, a closely related PIKK family member with functional
overlapping actions with ATM, is involved in oxidative stress regulation. In this study, we
provide several lines of evidences that deficiency of DNA-PKcs in human cells leads to
dysregulation of ROS production, which we hypothesize, consequently lead to ATM
hyperactivation and increased cell cycle checkpoint and cell death. Our results reveal that
DNA-PKGcs plays a novel function as a mediator to oxidative stress, independent of its
canonical role in DSB repair by NHEJ. Our results also point to a possible explanation for
the severity of hypomorphic germline mutations in DNA-PKcs encoding gene in human
including the progressive and global impairment in neurological function. Taken together,
the evidence demonstrates that DNA-PKGcs is a critical regulator of oxidative stress response
and contributes to the maintenance of redox homeostasis.

Materials and Methods

Cell Culture and Treatments

Human colorectal carcinoma HCT116 cells and derived knockout cells [42, 43], HeLa cells
expressing sShRNA against GFP or ATM [12] were maintained in a—minimum essential
medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum and
penicillin/streptomycin (Invitrogen). H,O5 solution, TBHP solution, rotenone, etoposide,
HU, NAC, H2DCF-DA were from Sigma-Aldrich.

SiRNA transfection

Chemical synthesis siRNA specifically against DNA-PKcs was purchased from Dharmacon.
siRNA against GFP gene were served as a negative control. At 12—-24 hours after plating,
cell with confluence of 30-50% were transfected for the first round with RNAI
Lipofectamine™ RNAiIMAX transfection reagent (Invitrogen) following the manufacturer’s
instruction. The second transfection round was performed after 24h, using the same
protocol. After a 24h incubation period, cells were treated as indicated.

Western blot and antibodies

Following treatment, cells were placed on ice immediately, then washed twice with ice cold
PBS. Loading buffer (0.05 M Tris-HCI PH 6.8, 4% SDS, 2% 2-ME, 12% glycerol) was
added directly to the dishes and lyses on for 5 min. The cell lysate was collected by cell
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scraper and sonicated for 5-10 s. After heating to 100°C for 5 min, protein concentrations
were measured using Bradford method. Fifty micrograms of whole cell lysate from each
sample was applied to 8-12% two layers SDS-polyacrylamide gels and electrophoresed to
resolve proteins. The proteins were then transferred to Nitrocellulose membranes and
blocked in TBST containing 5% (w/v) nonfat dry milk. The membrane was incubated with
specific primary antibody diluted in TBST containing 5% nonfat dry milk (regular
antibodies) or 2.5% BSA (phosphorylation antibodies) overnight at 4°C. The membrane was
then washed three times in TBST and incubated with horseradish peroxidase-labeled
secondary antibody for 1 h at room temperature. The membrane was reacted with ECL
reagents (GE Healthcare) and revealed with X-ray films. The band intensities were analyzed
using the Gel Doc 2000 apparatus and software (Bio-Rad Laboratory). Antibodies were
from these suppliers listed below: phospho-p53 Ser15, phospho-Chk2 Thr68, Chk2,
Caspase3 from (Cell Signaling Technology), phospho-ATM Ser1981 (Epitomics), ATM
(Abcam), p53 (Santa Cruz Biotechnology), B-actin (Sigma-Aldrich).

ROS production measurement

Cells were grown in 12-well plates and treated as indicated. Cells were washed twice with
PBS containing 0.2% BSA (w/v) and then incubated with 20 uM H2DCF-DA at 37 °C for
45 min before immediate analysis a FACSCalibur flow cytometer and CellQuest software
(BD Biosciences). During the incubation, H2DCF-DA can be cleaved by endogenous
esterases and transformed to a fluorescent form when oxidized by the hydroxyl radial. The
mean fluorescent intensity (FL1 channel) of 10,000 analyzed cells of each treatment group
were normalized by the mean fluorescent intensity of control group of each cell line, then
the ratios were taken as a measure for the total ROS load.

Single-Cell Gel Electrophoresis Assay

Single-Cell Gel Electrophoresis Assay under alkaline conditions [23] was performed using
the Trevigen Comet Assay kit (Trevigen, Gaithersburg, MD). Briefly, 5.0x104 cells were
embedded in 37°C agarose at a ratio of 1:10 (v/v), plated onto specially coated microscope
slides, treated with lysis solution 60 min at 4°C, followed by alkaline solution incubation 30
min for DNA unwinding. Slides were subjected to electrophoresis for 30 min at 21 volts, air
dried and stained with Propidium lodide and imaged under a fluorescent microscope with
corresponding filters. Greater than 150 cells for each condition were imaged and analyzed
using ImageJ [44] with the OpenComet plugin [45].

Apoptosis assay

Cells (5%10°) were plated in 6-well plates and allowed to attach overnight. After being
treated with 50 uM H»05 for 1h at 37°C, cells were trypsinized and replated in 6-well plates.
Cells were collected at 24h by trypsinzation and washed twice using ice cold PBS. Cells
were stained using Annexin V-PE/7-Amino-Actinomycin (7-AAD) staining kit (BD
Bioscience) following manufacturer’s instruction. The samples were analyzed immediately
by flow cytometry as described.
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Wild-type, DNA-PKcs ™, and Ligase4 ™~ HCT116 cells were treated with increasing
concentrations of HyO treatment for 1h then culture for 8 days.
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Figure 1. Hydrogen peroxide induces ATM hyperactivation in DNA-PKcs deficient cells
(A) The parental human colon cancer HCT116 cells and derivative DNA-PKcs knockout

(DNA-PKcs™") cells were subjected to increasing concentrations of H,0, for 30 min.
Whole cell lysates were probed against the specified antigens and analyzed by western blot.
(B) Wild type and DNA-PKcs™~ HCT116 cells were treated with 50 uM H,0, and
harvested at the indicated time points prior to western blot analysis for the same proteins.
(C) HCT116 cells were treated with 50 uM H,0O5 in the presence or absence of ATM kinase
inhibitor Ku55933 for 30 min and harvested for western blot analysis. (D) HeLa cells were
transfected with control sSiRNA or DNA-PKcs siRNA at Oh and 24h. At 72h, transfected
HeLa cells were treated with 50 uM H,0O5 for 30 min followed by western blot analysis.
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Figure 2. DNA-PKcs deficiency sensitizes ATM activation in response to oxidative stress
(A) Wild type and DNA-PKcs™~ HCT116 cells were treated 30 min with following agents:

tert-butyl hydroperoxide (TBHP), 50uM; Rotenone, 500nM; Hydroxyurea, 5mM);
Etoposide, 100uM, and vy-ray (IR), 5Gy. Whole cell lysates were analyzed via western blot
with the indicated antibodies. (B) Wild type HCT116 cells were pre-incubated with 10mM
N-acetyl-L-cysteine (NAC) for 30 min and were subjected to y-ray or H,O, treatments.

Cells were harvested at 30 min for western blot analysis.

Page 16



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal. Page 17

A B
HCTI16  DNA-PKes-/-  Ligd-/- HCTI16  DNA-PKes-/-  Ligd-/-
0 10 50 100 0 10 30 100 0 10 50 100 HO, (pM 0 15 30 th 0 15 30 1k 15° 30" 1h  H.O. S0uM
— — - pSI9R1-ATM = —— . S1981-ATM
B S B M e e e e - - ATM ———————— . . M . \TM
S—— - PS15-p53 | e—— pS15.p53
____________ ps3 — . . c— o c————— —— 0,3}
— pT68-Chk2 L e—— pl68.Chk2
= <— ——— —— —— ]| ] —————— ————————— |
A — —— — . ——— — -~ |t —— T — — —— . |\

Figure 3. Hyperactivation of ATM in DNA-PKcs deficient cells is independent of DSB repair
through the NHEJ pathway

(A) Wild type, DNA-PKcs™~, and Ligase4™'~ HCT116 cells were subjected to the indicated
concentrations of H,O, for 30 min. Whole cell lysates were western blot were analyzed with
the indicated antibodies. (B) The parental HCT116 cells were treated with 50 pM H,0, for
various durations. Protein levels from whole cell lysates were analyzed using western blot.
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Figure 4. HyO» treatment induces DNA-PKcs activation independently of ATM status
(A) Human HCT116 cells were treated with 50uM of H,0, and were harvested at various

time points. Whole cell lysates were analyzed via western blot with the indicated antibodies.
(B) HeLa cells were treated with increasing concentrations of H,O, for 30 min. Whole cell
lysates were analyzed for autophosphorylations of DNA-PKcs, ATM, and ATR kinases. (C)
HeL a cells expressing shRNA against GFP or ATM were treated with 50uM H,0,, for the
indicated time points.
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Figure 5. DNA-PKcs deficiency enhances ROS production in response to HoO» treatment
(A) Wild type HCT116, DNA-PKcs™~, and Ligase4™ cells were incubated with 50 pM

H,0, for the indicated time points. ROS production in sham (red) and H,O5, treated cells
was detected by H2DCF-DA incubation (20 pM at 37 °C for 45 min) by flow cytometry. (B)
Normalized ROS production in HCT116, DNA-PKcs ™, and Ligase4 ™~ cells. The result
was generated from two independent experiments. Statistical analyses were performed by
Student’s t-test, ** = P < 0.01. (C) HCT116 and derivative cells were incubated with 50 pM
H,0, for the indicated time points followed by alkaline comet assay to measure oxidatively
damaged DNA production. **** = P < 0.0001.
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Figure 6. DNA-PKcs deficient cells are susceptible to HoO» treatment
(A) Wild type, DNA-PKcs™~, and Ligase4™'~ HCT116 cells were subjected to 50 pM H,0,

for 1h and were recovered in normal culture medium for 24h. H,0,-induced apoptotic
responses were determined by Annexin-V and 7-Amino-Actinomycin (7-AAD) staining in
flow cytometry. (B) Induction of apoptosis (Annexin-V positive and 7-AAD negative) was
determined by xx independent experiments. (C) HCT116 cells subjected to the same H,0O,
treatment (1h incubation and 24h recovery) were analyzed by PI staining for their cell cycle
profiles. (D) HCT116 cell lines were subjected to the indicated concentrations of H,O, and
were analyzed for their clonogenic ability afterward.
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