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Abstract
DNA-dependent protein kinase (DNA-PK) is a key non-homologous end joining (NHEJ) nuclear
serine/threonine protein kinase involved in various DNA metabolic and damage signaling pathways
contributing to the maintenance of genomic stability and prevention of cancer. In order to examine
the role of DNA-PK in processing of non-DSB clustered DNA damage, we have used three different
models of DNA-PK deficiency i.e. chemical inactivation of its kinase activity by novel inhibitors
IC86621 and NU7026, knock-down and complete absence of the protein in human breast cancer
(MCF-7) and glioblastoma cell lines (MO59-J/K). Compromised DNA-PK repair pathway has lead
to accumulation of clustered DNA lesions induced by γ-rays. Tumor cells lacking protein expression
or with inhibited kinase activity showed a marked decrease in their ability to process oxidatively-
induced non-DSB clustered DNA lesions measured using a modified version of pulsed field gel
electrophoresis or single cell gel electrophoresis (Comet assay). In all cases, DNA-PK inactivation
lead to a higher level of lesion persistence even after 24–72 hrs of repair. We suggest a model in
which DNA-PK deficiency affects the processing of these clusters by first compromising base
excision repair and second by the presence of catalytically inactive DNA-PK inhibiting the efficient
processing of these lesions due to the failure of DNA-PK to disassociate from the DNA ends. The
information rendered will be important not only for understating cancer etiology in the presence of
a NHEJ deficiency but also lead to a better understanding of cancer treatments based on the induction
of oxidative stress and inhibition of cluster repair.
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Introduction
Oxidative stress resulting from the production of reactive oxygen species (ROS) can induce a
plethora of DNA lesions in the form of single and clustered DNA damage [1,2]. The high
density of DNA lesions forming clusters poses a significant challenge to the cellular repair
machinery. Persistence of any type of DNA damage can lead to mutations and subsequent
transformation and carcinogenesis and other pathophysiological conditions [3,4]. Clustered
DNA lesions are divided in two major groups, double-stranded breaks (DSBs) and non-DSB
oxidatively-induced clustered DNA lesions (OCDLs). DSBs are considered highly genotoxic
because they potentially lead to chromosomal breakage if unrepaired [5]. DSBs can arise
directly after exposure to exogenous sources like ionizing radiation (IR) and endogenously
either by free radicals that emerge as byproducts of normal cellular metabolism or as repair
intermediates during the processing of OCDLs [6]. Even in the case that DSBs do not form
during the attempted repair of clusters, studies have shown a significantly delayed processing
of these lesions [7,8] and enhanced mutation frequency [9]. Two major pathways have been
implicated in the processing of DSBs: non-homologous end joining (NHEJ) and homologous
recombination repair (HR) [10]. Compromised NHEJ repair favors the induction of HR
proteins such as BRCA1 and the processing of DSBs by HR, evidence of interplay between
these two repair pathways [11]. A key protein complex in the NHEJ pathway is the DNA-PK
holoenzyme consisting of the Ku70/80 heterodimer and the catalytic subunit of DNA-PK
(DNA-PKcs) [12]. The pivotal role of DNA-PKcs in processing of DSBs has been shown by
several studies that have demonstrated a severe radiosensitivity and decreased DSB repair in
cells with compromised DNA-PKcs activity or reduced expression of the protein [13] and
telomere dysfunction [14]. In addition, the heterodimeric component of DNA-PK holoenzymee
Ku70/80 (Ku) complex has been shown to play a significant role in the repair of closely opposed
base lesions in DNA [15].

Polymorphisms of the Prkdc gene (encoding DNA-PKcs) result in decreased activity and/or
expression of DNA-PKcs and have been associated with elevated risk for breast [16,17], lung
[18], gastric [19], colon [20] and cervical [21] cancer. Reduced DNA-PKcs levels have been
detected in nuclear cortical extracts from brains of Alzheimer’s disease (AD) patients [22].
Hippocampal neurons from severe combined immunodeficient (scid) mice lacking DNA-PK
activity have been found extremely susceptible to various damaging agents and oxidative stress
[23]. DNA-PKcs has also been suggested to be a potential breast cancer susceptibility gene
[24]. Knock-down of DNA-PKcs by siRNA has been shown to parallel the effects of reduced
expression of ATM and Artemis [25], two key proteins in the processing of DSBs. Other studies
have shown that cells with compromised DNA-PKcs may utilize an alternative (DNA-PKcs
independent) but “error-prone” and slower DSB repair pathway involving the Mre11-Rad50-
NBS1 complex [26]. Recently DNA-PKcs were shown to interact with traditional BER proteins
including XRCC1 [27], APE1 and Polβ [28] implying DNA-PKcs may play a role in the
processing of single oxidative DNA lesions. In fact, our preliminary studies showed defective
repair of non-DSB clustered lesions in MCF-7 cells with partial DNA-PKcs deficiency [29].

To examine the role of DNA-PKcs in the processing of OCDLs we studied the effect of
chemically-induced inactivation of DNA-PKcs or its absence in the repair of OCDLs. Both
‘phenotypes’ (i.e., absent or inactive DNA-PKcs) lead to a significant decrease in clustered
lesion processing and enhanced cell death. The specific accumulation of clustered lesions also
leads to the persistence of single DNA lesions.
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Materials and Methods
Cell culture, irradiation and statistical analysis

Human breast cancer MCF-7 cells were purchased from Tissue Culture Collection (ATCC,
Manassas, VA) while isogenic MO59J/K were a kind gift of Dr. Joan Turner (Cross Cancer
Institute, Edmonton, AB) and the Alberta Cancer Board. M059-J/K cells were grown in DMEM
(Gibco) supplemented with 10% Standard FBS (Atlanta Biologicals) while MCF-7 as
previously described [30]. Cells were treated with γ-rays (5 Gy) or 100 µM H2O2 (10 min at
room temperature) as previously described [30,31]. At these moderate H2O2 concentrations
[32], negligible induction of clustered DNA lesions is expected and therefore only single (non-
clustered) DNA lesions (base damage and SSBs) are induced as also previously showed for
NALM-6 cells [31]. Preliminary experiments revealed also for MCF-7 cells a similar trend
where the levels of Fpg- and EndoIII-clusters were very close to background levels (data not
shown).

Statistical analysis of the data
Paired Student’s t-tests were used to evaluate the differences between averages of the different
groups (p<0.05).

siRNA Transfection and drug treatment
Silencing of the Prkdc gene in MCF-7 cells and IC86621 treatment was performed as detailed
in the Supplemental Data. In order to eliminate the possibility of off-target effects an additional
highly specific DNA-PK inhibitor was used (NU7026) [33]. The optimal concentration of
siRNAs was found to be 0.1 µM and, under the specified conditions, a reduction in DNA-PKcs
expression of ~85% was achieved [29]. MCF-7 cells were treated with either 100 µM IC86621
(Sigma) or 10 µM NU7026 (Sigma) in the growth medium for 24 h or 1 h respectively. Control
(medium containing only DMSO) and drug-treated cells were γ-irradiated and allowed to repair
under the drug presence. Cells at indicated post-irradiation repair time points were harvested
and either processed for immunofluorescence or for damage measurement using pulsed field
gel electrophoresis (PFGE).

Immunofluorescence and immunoblotting
Assays for the detection of DNA-PKcs or γ-H2AX in MCF-7 cells are analytically described
in the Supplemental Data. For the γ-H2AX analysis in M059J/K cells, the procedure described
in [34] was followed. Detection of XRCC1 was performed using standard Western blotting
[29]. Forty (40) µg of whole cell protein were mixed with an equal quantity of 2X SDS buffer
(2.5% SDS, 5.0 % β-mercaptoethanol), boiled for 10 minutes and placed on ice. Protein was
loaded onto a 4–20% Tris-HCl gradient gel (BioRad) along with 5 µl of Kaleidoscope marker
(BioRad, Hercules, CA). Blots were incubated with XRCC1 mouse monoclonal antibody IgG
(Abcam, ab1838), secondary goat anti-mouse IgG-HRP (sc-2005) from Santa Cruz Biotech.
Inc. Chemiluminescence with SuperSignal West Dura (Pierce) and FluorChem 8900
visualization system (Alpha Innotech).

Single DNA lesion detection using alkaline single cell gel electrophoresis (SCGE)
For the measurement of total number of single DNA lesions using single cell gel electrophoresis
(Comet assay) we have used a novel adaptation of the method originally described by Visvardis
et al. [35]. This adaptation involves measurement of DNA damage in human DNA agarose
plugs similar to the PFGE assay. Single DNA damage was induced by 100 µM H2O2. An
analytical description of the procedure is presented under Supplementary Data.
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OCDL detection using Pulsed Field Gel Electrophoresis (PFGE)
Cells at each time point were harvested by immersion in liquid nitrogen, retrieved and
embedded into low melting point agarose (Biorad, Hercules CA) plugs (~250,000 cells/plug)
as analytically described in Tsao et al. [36]. Lysis and preparations of human DNA was
performed as previously described [29,30]. For the detection of DSBs and OCDL an adaptation
of PFGE was used with different E. coli repair enzymes as damage probes (Fpg, Endo III and
Endo IV). Calculation of DSBs and OCDL was performed using number average length
analysis (NALA) [36].

Apoptosis detection
Detection of apoptosis was performed as previously described using the Annexin V FITC
Apoptosis detection Kit (Calbioshem, San Diego, CA) and fluorescence microscopy [29].
Apoptosis is expressed as the percentage (%) of Annexin V positive cells.

Results
Measurement of DSB repair in three types of DNA-PKcs deficient cells

DNA-PKcs is a major component of NHEJ and DSB repair. In order to determine if any
qualitative or quantitative differences arise as a result of DNA-PKcs deficiency, three different
repair deficient cell models were used. MCF-7 or MO59-K cancer cells were examined in the
presence or absence of the specific DNA-PKcs kinase inhibitors IC86621/NU7026 or after
siRNA knock-down of DNA-PKcs. MO59-J cells completely lack DNA-PKcs expression and
therefore are significantly less efficient in DSB repair, in contrast with their isogenic MO59-
K, due to a frameshift mutation [37]. Two independent assays were utilized to compare these
model systems, the γ-H2AX focus formation assay and an adaptation of pulsed field gel
electrophoresis (PFGE) (Fig. 1). MCF-7 or MO59-K cells exposed to 5 Gy IR in the presence
of the drug (IC86621 or NU7026) showed as expected significant DSB persistence compared
to control cells over time. Measurements made indirectly using γ-H2AX foci total intensity
(Fig. 1A–B) or directly using PFGE (Fig. 1C) indicated a serious DNA repair defect. Extended
repair times up to 72 hrs also revealed a significant persistence of γ-H2AX foci and dramatically
delayed repair kinetics for M059-J cells compared to controls (p<0.05). In control MCF-7 and
M059-K cells, γ-H2AX foci levels returned to background values after 48 hrs. However, both
drug-treated and DNA-PKcs deficient cells retained ~40% of initial DNA damage. Comparison
with siRNA-MCF-7 cells showed differences only at 24–72 hrs. Fig. 1C depicts the DSBs
remaining after exposure to 5 Gy as a function of post-irradiation time for all cell lines assessed
using PFGE. For repair times up to 24 hrs, the remaining number of DSBs was always higher
for NU7026-treated MCF-7 and IC86621-treated MO59-K (MO59K/+IC) cells compared to
controls (significantly different only at 3, 6, 12 and 24 hrs post-IR, p<0.05). Although no
statistical difference was found between MO59J and MO59K/+IC cells, a higher accumulation
of DSBs was always found for the drug-treated cells. Comparison between NU7026 and
IC86621 drugs (only for MCF-7) showed no real difference while comparison of both drugs
to siRNA showed no significant differences with the exception of 24 hrs. The residual DSBs
present 24 hrs post irradiation in all experimental cell lines indicate incomplete rejoining of
DNA damage in the absence of DNA-PKcs. Quantitative comparison between the two assay
methods employed showed some differences which can be attributed to the increased
sensitivity of the γ-H2AX assay compared to PFGE [38].

Measurement of OCDLs repair in three types of DNA-PKcs deficient cells
As DNA-PKcs seems to play an important role in the processing of DNA DSBs, we next
examined the role of DNA-PKcs in the repair of OCDLs. In Fig. 2A, segments of a PFGE gel
containing DNA isolated from sham-irradiated IC86621-treated cells (lanes 4–5), as well as
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from cells exposed to 5 Gy (+/− IC86621) and then incubated at 37°C to allow repair are shown.
The 0, 12, 24 and 48 hr time points are shown (lanes 6–21). DSB rejoining is measured by
electrophoresing DNA without the enzyme (–, lanes). Cells incubated at 37°C resealed DSBs,
observed here as an increase in DNA size from 0 to 48 hrs (lanes 6, 10, 14 and 18). The
incubation of the non-irradiated samples with enzymes alone results in a very minimum
increase in DNA fragmentation and reduction of DNA size (lanes 4–5). This correlates with
the expected low level of endogenous damage clusters in the absence of IR. Treatment of the
irradiated samples (5 Gy) with the enzyme results in a significant increase in small DNA
fragments, particularly in the Mbp size range, that persists even after 48 hrs (lanes 18–21). This
is indicative of the higher levels of oxidative lesions upon DNA irradiation. Quantitation for
all cluster types and cell lines are presented in Figures 2B–C. Significant differences were
detected for drug-treated MCF-7, MO59K/+IC and M059-J cells similar to results obtained
when DSB repair was monitored (6–48 hrs, p<0.05). Again and as for DSBs, no significant
difference was found between MO59-J and drug-treated MO59-K cells but cluster
accumulation was always higher for drug-treated cells compared to MO59-J cells. Comparison
of IC86621- or NU7026-treated MCF-7 cells with siRNA-treated cells did not reveal any
significant differences with the exception of abasic clusters detected by Endo IV at 24 hrs and
oxypyrimidine clusters detected by EndoIII at 48 hrs. In all cases OCDL levels for drug treated
cells did not return to background levels before 72 hrs of repair. MO59J cells showed a similar
trend with high levels of residual (~40% of initial values) clustered lesion damage even after
24 hrs of repair.

Measurement of single DNA lesions, phospho-Thr2609 DNA-PKcs foci and apoptosis
In order to assess the role of DNA-PKcs in the processing of single (not clustered) DNA lesions
in MCF-7 and MO59-J/K cells after exposure to H2O2, we utilized alkaline single cell gel
electrophoresis and examined the resulting tail moment (TM) in cells with or without IC88621
treatment. In addition, we performed parallel repair experiments for the MO59J/K cells after
H2O2 and IC86621 treatment (for MO59-K). As shown in Figure 3A (top), drug treatment did
not affect for MCF-7 the processing of simple DNA SSBs (compare white bars to dark grey
bars). On the other hand, MO59J cells and MO59K/+IC were found to have a significant
deficiency of processing SSBs compared to MO59K cells (**, p<0.05). However, treatment
of MCF-7 or MO59-K cells with the enzymes Fpg or EndoIII resulted in an increased TM upon
exposure to H2O2 and the repair of these oxidative lesions was significantly decreased in the
presence of the DNA-PKcs inhibitor. MO59-J cells showed also a deficiency in the processing
of Fpg- or EndoIII-sites but less pronounced compared to SSBs. Comparison between Fpg-
and EndoIII-cleavage sites revealed a prevalence of EndoIII-sites at a ratio (EndoIII-sites/Fpg-
sites) ~ 1.1–1.4 (‘0’ hrs) for all cell lines. These results indicate that oxypyrimidines were likely
the predominant oxidative lesion induced by H2O2 treatment and in addition a possible
impairment of BER. For this reason we measured the expression level of a key BER repair
protein XRCC1 in MCF-7 and MO59-K cells after drug treatment (Fig. 3B). Inhibition of
DNA-PKcs activity by drug treatment resulted in a significant reduction in the expression level
of XRCC1 compared to no drug-treated cells after H2O2 induction suggesting a significant
defect in the specific repair pathway consistent with the deficient processing of single DNA
lesions (compare lanes 1 to 2 and 10 to 9). In addition, also in MO59J cells, XRCC1 expression
was found reduced but in a less pronounced way (~44%) compared to MO59-K cells. The
XRCC1 levels of basal expression (lanes 6 and 8) were also found reduced for MO59-J
compared to MO59-K cells (Fig. 3A) as also suggested by Toulany et al. [39]. On the other
hand the ‘basal levels for IC86621-treated MCF-7 or MO59-K cells were found slightly
increased compared to controls (lanes 3–4 and 9–11). Treatment of MCF-7 cells with IC86621
not only resulted in deficient repair of OCDLs and DSBs but also in persistence of
phosphorylated (Thr2609) DNA-PKcs foci over 120 hrs (5 days) of repair after 5 Gy IR (Fig.
4A and Figure S2). This is a strong indication of persistent DNA damage (DSBs or OCDLs).
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Finally, in order to investigate the cytotoxicity of residual DNA damage caused by DNA-PKcs
inhibition, apoptosis was evaluated through Annexin V staining (Fig. 4B). Cell division and
cell death was previously found to contribute to the disappearance of repair resistant oxidative
DNA clustered lesions [7]. Since cell growth of IC86621-treated cells was found to be reduced
~10% compared to controls (72 hrs, data not shown), we measured apoptosis after exposure
to 5 Gy in controls and drug-treated cells. A 2-fold greater incidence of apoptosis was detected
for IC8861-treated cells 24 hrs post-irradiation. Cells treated with DNA-PKcs siRNA on the
other hand did not display a significant increase in cell death. These results indicate that
catalytic inhibition of DNA-PKcs is more deleterious to cells than partial knock-down of
protein expression. Taken together, these data indicate that DNA-PKcs plays a fundamental
and important role in the processing of a variety of oxidative DNA lesions including DSBs,
abasic sites, and oxidized base damage.

Discussion
Many cancer cells and tumors exhibit elevated levels of DSBs and OCDLs [40,41]. OCDLs
have the potential to be used as a cancer biomarker and predictive marker for treatment efficacy
especially in the case of DSB-deficient tumors. Preliminary evidence from our laboratory
suggested a possible involvement of DNA-PKcs in the repair of this type of non-DSB complex
DNA damage [29]. Different laboratories have implicated NHEJ components in the repair of
non-DSB oxidative clustered lesions [15,42,43]. DNA-PK activation has been shown by SSBs
induced in plasmid DNA [44] or by the radiomimetic drug bleomycin [45] which induces both
DSBs as well as non-DSB clustered DNA damage [46]. We used three different models of
DNA-PKcs disruption in human cancer cells exposed to IR. These were the pharmacological
(by using the highly specific drugs IC86621 and NU7026) and siRNA-targeted inhibition of
DNA-PKcs, simulating the conditions of catalytically inactive (but present DNA-PKcs) and
reduced DNA-PKcs expression respectively. In order to simulate of absence of DNA-PKcs we
have used MO59-J cells and comparison was performed to MO59-K cells. In all cases deficient
cells displayed a compromised (DNA-PKcs dependent) DSB repair pathway (Fig. 2), and this
delay of DNA repair is in agreement with previous studies suggesting a slower processing
using DNA-PK independent DSB repair pathways [47–49].

In addition to delayed repair kinetics of DSBs for DNA-PKcs deficient cells, a parallel
persistence of OCDLs has been detected in all cases as also suggested by in vitro studies
[50]. Related to the repair of OCDLs is the idea of ‘abortive excision repair’ i.e., non-DSB
clusters converted to DSBs [6]. Although in our study such an effect has not been detected, the
measured relative increase in DSBs for MO59-J cells at extended repair time points (Fig. 1B:
24–72 hrs) maybe due to this phenomenon. The DSB repair deficiency of MO59-J would
certainly favor the detection of these indirect DSBs which under normal repair conditions may
be processed very fast for our techniques to detect. Taken together with the role of DNA-PK
in the NHEJ repair pathway, our present results suggest a model for the role of DNA-PKcs in
the processing of non-DSB clusters (Fig. 5). In the case of a normally functioning DNA-PKcs
(Pathway I), repair of DSBs will be performed quickly and efficiently within 12–24 hrs. This
fast processing of SSBs and DSBs in normal cells decreases the possibility of compromised
non-DSB clusters’ repair [50]. The persistence of DSBs due to a malfunctioning DSB repair
system (Pathway II or III) enhances the possibility of repair inhibition or retardation (indirect
action). An increased lifetime of SSBs and DSBs can result in the inhibition or delay of proper
processing of non-DSB clusters. Our data definitely supports this idea since after extended
repair times, the numbers of all types of clusters returned to background levels. In the case of
chemical inactivation of DNA-PKcs the overall effect is even more pronounced. IC86621 or
NU7026 unlike other inhibitors of the PIKK family like wortmannin (Figure S1) are expected
to be very specific against DNA-PKcs. According to our model, DNA-PKcs is normally
induced (Figure S3) but fails to dissociate properly from DNA ends due to the inhibition of its
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autophosphorylation activity on any of the ‘ABCDE’ cluster sites as suggested by Meek et
al. [51,52]. Since the DNA-PK complex stays at the DNA ends, access to broken ends by repair
factors like HR or BER proteins decreases [11]. Of course since DSBs are eventually processed,
roles for other NHEJ or HR independent pathways cannot be excluded. The prevention of
DNA-PKcs autophosphorylation by drug treatment initiates ATM action. We and others
believe that ATM phosphorylates Thr2609 and since the DSBs are not being repaired, the
Thr2609 signal persists (Fig. 4A) [53]. The compromise, by drug treatment, of the efficient
processing of DNA lesions induced by H2O2 supports an additional role of DNA-PKcs in the
processing of DNA lesions traditionally repaired by BER (Fig. 3A). Inactive or reduced levels
of DNA-PKcs maybe compromising the processing of base damage through BER (direct
action). DNA-PKcs has been shown recently to interact with many BER proteins suggesting
a repairsome formation [28]. Alternatively, DNA-PKcs could activate pre-existing XRCC1
through phosphorylation of serine 371 in its BRCT1 domain [27] and regulate its expression/
stabilization upon exposure to an oxidizing agent favoring a recruitment process at the damage
sites rather new synthesis [39]. The more pronounced inhibitory effects of catalytically inactive
DNA-PK compared to its absence (MO59-J) in the repair of Fpg- or EndoIII-sites (Fig. 2C and
3A) suggest a combination of a direct and indirect effect as suggested in Fig. 5 (Pathway III).
The significantly compromised repair of SSBs in MO59-J compared to MO59K cells cannot
exclude an additional deficiency in a protein involved in the processing of SSBs. The results
presented in Figure 3A certainly support a compromised BER through at least XRCC1 reduced
expression. Previous studies have shown an important role for XRCC1 in the processing of an
abasic site within a damage cluster containing an 8-oxodG [54]. Of course we cannot exclude
a negative effect of inactive DNA-PKcs not only on BER but also on nucleotide excision repair
(NER), mismatch repair (MMR), transcription coupled repair (TCR) or global genome repair
(GGR), since all these pathways have been implicated in the processing of oxidatively-induced
DNA lesions [55].

Here, we provide the first evidence of the actual involvement of DNA-PKcs in the processing
of non-DSB oxidatively-induced clustered DNA lesions. The compromised repair of single
and complex DNA lesions is primarily associated with the persistence of strand breaks which
act as an inhibitory factor for the processing of neighboring base lesions in the cluster (indirect
action) [1]. Complete absence or inactivation of DNA-PKcs significantly inhibits OCDL repair
efficiency compared to partial deficiency induced by siRNA targeting. Drug induced
inactivation of DNA-PKcs leads to a failure of DNA-PKcs to dissociate properly from the
DNA ends and this can act as a further compromising factor for efficient lesion processing. In
support of this idea, DNA-PK inhibition by wortmannin has been shown to lead to
accumulation of DNA damage (expressed as micronuclei) induced by the chemotherapeutic
drug bleomycin [56] which a well known inducer of clustered DNA damage [46].

Over the last decade a great emphasis has been placed on DNA-PK inhibition as a potential
pharmacological target in radiotherapy and chemotherapy. In several studies drug-induced
inhibition of DNA-PKcs has radio- or chemo-sensitized resistant tumor cells [57,58].
Combined use of novel inhibitors taking advantage of interactions between DNA-PK and BER
proteins, like PARP-1, has resulted in significant radiosensitization effects [33]. In addition,
ROS have been shown to modulate (decrease) DNA-PK activity [59,60] in vitro. Our present
studies in human cancer cells appear to support an additional role of DNA-PKcs in the
processing of oxidative DNA lesions and emphasize the potential use of DNA-PK inhibition
or suppression as a potential tool for anticancer therapeutic intervention. In addition suggest
and in conjunction with previous studies [61,62], that genetic variation in DSB repair pathways
may have a significant effect on the in vivo response of organisms to ionizing radiation,
oxidative stress and tumorigenesis.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Processing of DSBs in DNA-PKcs proficient and deficient cell lines (IC86621-, NU7026-,
siRNA-treated MCF-7 and MO59-K, MO59-J and MO59-K) as a function of post-irradiation
time. (A) Representative microscopic fluorescence images of γ-H2AX foci accumulation after
5 Gy IR at times (1, 24, 48 and 72 hrs). Non-irradiated samples (NR) are also shown. Nuclei
were stained using either propidium iodide PI (MCF-7-top) or DAP1 (MO59-J/K-btm) (B)
Quantitation of the normalized total mean γ-H2AX fluorescence intensity expressed as
intensity/nucleus (% of maximum value at 1 hr). (C) Detection of DSB repair using PFGE
analysis. Values for DNA-PK siRNA cells (up to 24 hrs) are taken from Peddi et al. [29] to
allow direct comparison while for 48 and 72 hrs are from this study (crosses). Values are
averages from three (MCF-7) or two (MO59-J/K) independent experiments. Inset: Average
values for MCF-7 with repair times up to 12 hr. Small symbols, individual data points from
independent irradiation experiments; Large symbols, averages. Error bars, SEM; in some cases
are smaller than the corresponding symbol. Closed symbols, control MCF-7 or MO59-K cells.
Closed large circles, NU7026-treated MCF-7 or IC86621-treated MO59-K (MO59K/+IC).
Open symbols, IC86621-treated MCF-7 cells or M059-J. Statistically significant differences
between IC86621-/NU7026-MCF-7/MO59-K and controls (*) and IC86621-/NU7026-MCF-7
and siRNA-MCF-7 (**) at p<0.05 are shown.
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Fig. 2.
Processing of non-DSB oxidative DNA clusters in DNA-PKcs proficient and deficient cell
lines (IC86621-, NU7026-, siRNA-treated MCF-7 and MO59-K, MO59-J and MO59-K) as a
function of post-irradiation time. Different types of damage clusters were detected using PFGE
analysis and E. coli repair enzymes Fpg and EndoIII as damage probes: (A) Representative
image of a neutral gel containing DNA from MCF-7 cells unirradiated (0 Gy) and exposed to
5 Gy of γ rays, and harvested as a function of repair time post-exposure. Molecular size markers,
lanes 1–3: S. pombe and low range PFG marker, lane 1; H. wingei, lane 3; S. cerevisae, lane
3. The molecular sizes of these DNAs are shown in kbp at the left of the gel image; 0 Gy, lanes
4–5; 5 Gy at increasing repair times (0–72 hrs), lanes 6–21. For each time point four samples
are shown: enzyme or IC86621 untreated, (−); Fpg- or IC86621-treated, (+). (B–C) Cluster
repair detected in MCF-7 and MO59-J/K cells. Fpg-detected oxypurine clusters, upright
triangles. Endo III-detected oxypyrimidine clusters, inverted triangles. Endo IV detected abasic
sites, circles. Values for DNA-PK siRNA cells (up to 24 hrs) are taken from Peddi et al. [29]
to allow direct comparison while for 48 and 72 hrs are from this study (crosses). Values are
averages from three (MCF-7) or two (MO59-J/K) independent experiments. Insets: Average
values for MCF-7 with repair times up to 12 hr. Small symbols, individual data points from
independent irradiation experiments; Large symbols, averages. Error bars, SEM; in some cases
are smaller than the corresponding symbol. Closed symbols, control MCF-7 or MO59-K cells.
Closed large circles, NU7026-MCF-7 or IC86621-MO59K (MO59K/+IC). Open symbols,
IC86621-treated MCF-7 cells or M059-J. Statistically significant differences between
IC86621-/NU7026-treated MCF-7 or MO59-K (MO59K/+IC) and controls (*) and between
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IC86621-/NU7026-MCF-7 and siRNA-MCF-7 (**) at p<0.05 are shown. Straight lines
correspond to sham-irradiated (0 Gy) average values for each type of cluster.
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Fig. 3.
Effect of DNA-PKcs inhibition in the processing of single oxidative DNA lesions and base
excision repair (BER) pathway (A) Processing of total single DNA lesions in IC86621-treated
MCF-7 or MO59-K (+H/+IC: H2O2 and IC86621-treated) and regular MO59J/K cells and
controls after exposure for 15 min to 100 µM H2O2 (+H). Detection of SSBs as well as Fpg-
and EndoIII-sites using alkaline single cell gel electrophoresis at three post-treatment repair
times (‘0’, 3 and 12 hrs). The additional general control no H2O2/IC86621-treated samples has
also been included (−H/−IC). Values are averages from two independent experiments. (B)
Detection of XRCC1 in IC86621-treated MCF-7 cells 30 min after exposure to 100 µM
H2O2 using Western blotting. Forty (40) µg of total protein were loaded/lane. Lanes 1–4,
MCF-7 cells; lanes 5–8, M059J/K cells; lanes 9–11 MO59K cells. Lane 4, densitometry control
for MCF-7 (DMSO); lanes 6 and 11, MO59J or MO59K (DMSO) with no H2O2 or drug
treatment: densitometry controls for MO59J/K. β-actin used as load control. Densitometry
values presented as the ratio of XRCC1/actin normalized to control samples. Values averages
from two independent experiments. Statistically significant differences between IC86621-
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treated MCF-7 or MO59-K (MO59K/+IC) and controls (*,** respectively) at p<0.05 are
shown.
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Fig. 4.
Persistence of DNA-PKcs phosphorylated form and apoptosis in MCF-7 cells exposed to γ-
rays. (A) phospho-Thr2609 DNA-PKcs foci in IC86621-treated MCF-7 and control cells after
exposure to 5 Gy of γ rays. Cells were fixed at different post-irradiation repair times. Both
control samples and IC86621-treated were immunostained with rabbit polyclonal to phospho-
(Thr2609) DNA-PKcs antibody (green foci). DAPI was used to stain nucleus in all cells. The
non-irradiated samples have been included (NR). The results shown here are representative of
two independent experiments. (B) Detection of apoptosis using the Annexin V binding assay
and fluorescence microscopy at 0 and 24 hrs post-irradiation. Fluorescent and phase pictures
for irradiated IC86621-MCF-7 and control cells (IR) as well as non-irradiated (NR) are shown.
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Annexin V positive cells are green. Quantitation of 200 cells expressed as the percentage of
positively stained cells is shown below the representative images. Values are averages from
two independent experiments. Values for DNA-PK siRNA cells are taken from Peddi et al.
[29] to allow direct comparison. Statistically significant differences between MCF7-IC86621
and controls (*) at p<0.05 are shown.
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Fig. 5.
Schematic representing the alternative pathways of OCDL processing in the presence, absence,
or inhibition of DNA-PKcs activity. Here OCDLs are shown flanking a DSB based on current
theoretical and experimental evidence [2]. In DNA-PK normal cells the autophosphorylation
of DNA-PK leads to its disassociation from the DNA ends allowing NHEJ or HR to proceed
in DSB repair (Pathway I). As soon as the DSB is repaired all the other neighboring clustered
DNA lesions can be processed. In the case of DNA-Pkcs absence, broken DNA ends cannot
be repaired by NHEJ, and HR or other slower pathways repair the DSB. The presence of a SSB
or DSB can be a significant inhibitory factor for the processing of other neighboring damage
(Pathway II). Treatment of cells with drug is expected to lead to the inactivation of DNA-PKcs
due to inhibition of its autophosphorylation. Therefore DNA-PKcs is expected, according to
current status of knowledge, to be unable to dissociate from the DNA ends, physically blocking
both NHEJ and HR (Pathway III). The presence of the DSB and the DNA-PK molecule is
expected to have a profound inhibitory effect on the processing of all neighboring clustered
DNA lesions. Additionally, the inactivation of DNA-PK can lead to the compromise of other
repair pathways associated with its kinase activity including base excision repair (BER)
inhibiting directly the processing of base lesions.
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