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Uncontrolled generation of DNA double-strand breaks
(DSBs) in cells is regarded as a highly toxic event that
threatens cell survival. Radiation-induced DNA DSBs are
commonly measured by pulsed-field gel electrophoresis,
microscopic evaluation of accumulating DNA damage re-
sponse proteins (e.g., S3BP1 or y-H2AX) or flow cytometric
analysis of y-H2AX. The advantage of flow cytometric
analysis is that DSB formation and repair can be studied in
relationship to cell cycle phase or expression of other
proteins. However, y-H2AX is not able to monitor repair
kinetics within the first 60 min postirradiation, a period when
most DSBs undergo repair. A key protein in non-homologous
end joining repair is the catalytic subunit of DNA-dependent
protein kinase. Among several phosphorylation sites of DNA-
dependent protein kinase, the threonine at position 2609
(T2609), which is phosphorylated by ataxia telangiectasia
mutated (ATM) or DNA-dependent protein kinase catalytic
subunit itself, activates the end processing of DSB. Using flow
cytometry, we show here that phosphorylation at T2609 is
faster in response to DSBs than y-H2AX. Furthermore, flow
cytometric analysis of T2609 resulted in a better represen-
tation of fast repair Kkinetics than analysis of y-H2AX. In cells
with reduced ligase IV activity, and wild-type cells where
DNA-dependent protein kinase activity was inhibited, the
reduced DSB repair capacity was observed by T2609
evaluation using flow cytometry. In conclusion, flow cyto-
metric evaluation of DNA-dependent protein kinase T2609
can be used as a marker for early DSB repair and gives a
better representation of early repair events than analysis of y-
H2AX. o©2017 by Radiation Research Society

Editor’s note. The online version of this article (DOI: 10.1667/
RR14693.1) contains supplementary information that is available to
all authorized users.
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INTRODUCTION

Most of the cellular toxicity induced by ionizing radiation
stems from misrepaired or unrepaired DNA double-strand
breaks (DSBs) (/). The ability to repair DSBs is vital for
cell survival. Therefore, to repair these potentially lethal
lesions, human cells have evolved two distinct repair
pathways: non-homologous end joining (NHEJ) and
homologous recombination (HR) (2). The choice between
HR and NHEJ is regulated in a cell cycle-dependent
manner, where HR is more active during S and G, phase,
while NHEJ can participate in DSB repair during all stages
of the cell cycle (3). Estimates of repair capacity in
relationship to cell cycle phase, protein deficiencies and
inhibitor treatments are vital for understanding DSB repair
mechanisms.

Phosphorylated H2AX at S139 (y-H2AX) is a commonly
used marker of DSBs and can be detected using
fluorescence microscopy (4) or flow cytometry (5). In
response to DNA damage, H2AX can be phosphorylated by
either ataxia telangiectasia mutated (ATM) or DNA-PKcs.
The maximum intensity of y-H2AX in cells is usually
reached within 30—60 min postirradiation (6, 7) and it varies
depending on cell cycle stage (5). However, the results from
electrophoretic assays, such as pulsed-field gel electropho-
resis (PFGE), show that repair-competent cells remove 60—
70% of the initial DSBs within 1 h postirradiation (8, 9).
Thus, the fast repair kinetics is lost when y-H2AX is used as
a DSB marker in flow cytometry. Although y-H2AX is a
widely-used marker of DSBs, it may also give a false-
positive signal. For example, in hypoxic conditions Y-
H2AX can be activated without the presence of DSBs (/0).

Non-homologous end joining is the predominant repair
pathway in cells and has been recently extensively reviewed
(11). One of the key components in NHEJ is the catalytic
subunit of DNA-dependent protein kinase (DNA-PKcs),
which is a member of the PIKK family (/2) and is
phosphorylated at various sites upon induction of DSBs
(13). During DSB repair, DNA-PKcs phosphorylates KU,
Artemis, XRCC4 and ligase IV. Additionally, it can
autophosphorylate itself at phosphorylation site S2056,
which is positioned within the PQR cluster (/4). Another
important phosphorylation site in DNA-PKcs, T2609, is
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located at the ABCDE cluster, which is phosphorylated by
ATM or DNA-PKcs itself (/5). These two phosphorylation
sites have distinct functions during DSB repair: phosphor-
ylation of T2609 activates the end processing of DSBs (/4),
while the phosphorylation of the S2056 leads to ligation of
DSBs (/6). This indicates that T2609 could be used for
evaluation of early repair events. Furthermore, foci of
phosphorylated DNA-PKcs at T2609 co-localizes with y-
H2AX and 53BP1 foci in response to radiation exposure
I3, 17).

In this study using flow cytometry, we show how pDNA-
PKcs T2609 can serve as a marker for early DSB repair
events and provide better representation of fast repair
kinetics than previously reported analyses of y-H2AX.

MATERIALS AND METHODS
Cells

GM5758, GM 16088 and AG07217 cells were acquired from Coriell
Institute (Camden, NJ) and were grown in Eagle’s minimum essential
medium (EMEM; Biochrom/Merck, Darmstadt, Germany). HCT116
and A431 cells were purchased from ATCC® (Gaithersburg, MD) and
were grown in McCoy’s 5A modified media and Ham’s F-10 media,
respectively. All media were supplemented with 9% fetal bovine
serum (FBS; Sigma-Aldrich® LLC, St. Louis, MO), 100 IU/ml
penicillin and streptomycin mix (Gibco®, Grand Island, NY) and 2
mM L-glutamine (Biochrom/Merck). Additionally, GM5758 and
GM16088 were supplemented with 1X MEM vitamin solution
(Gibco).

Flow Cytometry

Before irradiation, cells were cooled on ice for 20 min. Cells were
then irradiated on ice to prevent the phosphorylation of proteins. For
NU7441 (Selleckchem, Houston, TX) treatment, cells were pretreated
for 1 h with 5 pM NU7441 before irradiation. Gamma radiation was
delivered at a dose rate of ~1 Gy/min using Gammacell® 40
(Gammacell extractor 40; MDS Nordion™ Inc., Ottawa, Canada).
After 10 Gy photon irradiation, cold media was replaced with fresh
pre-warmed media with or without NU7441. Cells were then
trypsinized and placed in a pre-cooled centrifuge, which marked the
end of repair. Cells were spun for 1 min at 200g and washed with ice
cold 1X phosphate buffered saline (PBS) followed by another
centrifugation for 1 min at 200g. After decanting the PBS, cells were
carefully mixed with —20°C cold 70% ethanol. Samples were
subsequently kept for at least 2 days at 4°C. Cells were then spun
down and incubated in wash buffer (1% BSA and 0.1% Triton™ X-
100 diluted in 1X PBS) for 30 min. Further 1:200 dilution of anti-
DNA-PKcs T2609 (Abcam®, Cambridge, UK) and mouse monoclonal
anti-y-H2AX antibodies (JBW301 clones, cat. nos. 05-636 and 05-
636-1; Merck) or rabbit monoclonal anti-y-H2AX (EP854(2)Y clone,
cat. no. ab81299; Abcam) were applied in wash buffer and incubated
overnight at 4°C. On the following day, primary antibodies were
discarded after centrifugation at 200g and cells were washed once in
wash buffer. Afterwards, secondary antibodies conjugated with Alexa
Fluor® 488 or APC (Abcam) were diluted in wash buffer (1:400 ratio)
and incubated for 90 min at 4°C. Cells were washed once with wash
buffer followed by incubation for 1 h with 1 pg/ml with DAPI
(Thermo Fisher Scientific, Stockholm, Sweden) diluted in wash
buffer. Cells were spun down and diluted in 1X PBS. At least 10,000
events were recorded using Cyflow® Cube 6 (Sysmex Partec, Gorlitz,
Germany), BD LSR II and Fortessa™ (both from BD Biosciences,
Franklin Lakes, NJ) or CytoFLEX (Beckman Coulter, Krefeld,
Germany). To analyze H2AX and T2609 phosphorylation at different
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cell cycle stages, asynchronous cells were separated in G,, S and G,/M
according to DAPI signal. Median fluorescence intensity of
phosphorylated H2AX or DNA-PKcs was then determined in each
subpopulation. Data were analyzed using FCS Express 4 (DeNovo
Software, Los Angeles, CA) or FACSDiva™ software (BD Biosci-
ences).

Pulsed-Field Gel Electrophoresis

Cells for PFGE were prelabeled for 2—6 doubling times with 2 kBq/
ml of C-14 thymidine. Before irradiation, cells for + = 0 were
trypsinized and embedded in InCert™ low-gelling-point agarose
(Lonza, Morristown, NJ). Plugs, containing cells, were placed in
ice-cold serum-free media while cells for other time points were
placed on ice for 20 min. Irradiation with 40 Gy was performed on ice
with dose rate of ~1 Gy per min. After irradiation, repair was started
by replacing cold media with prewarmed fresh media. Cells were then
trypsinized, embedded in low-gelling-point agarose and placed in 4°C,
which was marked as the end of DSB repair. Agarose plugs containing
cells were cooled for 20 min and then moved to lysis buffer composed
of 1 mg/ml proteinase K and 2% sarkosyl diluted in 0.5 M EDTA (pH
8.0). The cells were lysed for at least 24 h at 4°C followed by complete
removal of proteins with high-salt buffer (4 mM Tris; Sigma-Aldrich,
Shanghai, China), 5 mM MgCl,, 0.15 M KCl and 1.85 M NaCl, pH 7.5
(all from Merck) for 17-20 h. Before loading samples in 0.8% agarose
gel (SeaKem® Gold; Lonza) the plugs were washed twice in 0.1 M
EDTA and once in 0.5X TBE for 1 h per wash. The DNA was
separated in 0.5X TBE using the following pulses: 10 min pulses for 3
h; 20 min pulses for 5 h and 20 min; 30 min pulses for 8 h; 40 min
pulses for 9 h and 20 min; and 60 min pulses for 20 h. The gel was
then stained with ethidium bromide (0.5 pg/ml) for at least 4 h and
destained in deionized water overnight. Further, DNA fragments
larger and smaller than 5.7 Mbp were separated using S. pombe
chromosomes (Bio-Rad® Laboratories Inc., Hercules, CA) as markers.
The gel fragments then were loaded in plastic liquid scintillation vials.
Deionized water (2 ml) was added to the smallest fragment, followed
by adding 0.2 M HCl to all samples. Samples were then heated at 95°C
for 1 h. After the samples were cooled, 5 ml of Quicksafe A liquid
scintillation fluid (Zinsser Analytic, Bracknell, UK) was added. On the
following day, signals from each sample were collected over 10 min
(Wallac 1414 Win Spectral Liquid Scintillation Counter; PerkinEl-
mer® Inc., Waltham, MA) in CPM mode. During analysis,
background and control values were subtracted from all time points
and ratio of fragments smaller than 5.7 Mbp to fragments larger than
5.7 Mbp were calculated. Starting values were then normalized to r =
0, expressed as percentage.

Foci Scoring

GM5758 and GM 16088 cells were plated in chamber slides and 2
Gy irradiated at room temperature. Cells were washed in 1X PBS and
fixated using 99% methanol for at least one day. Afterwards, cells
were dipped in ice-cold acetone for 15 s and air dried. Blocking was
performed for 1 h in 10% FBS-PBS followed by incubation overnight
with primary anti-53BP1 (Abcam), anti-y-H2AX or anti-pDNA-PKcs
T2609 antibodies in concentrations of 1:1,000, 1:100 and 1:100
diluted in 1% FBS. On the following day, cells were washed 3 times in
1X PBS for 5 min and secondary antibodies Alexa Fluor 488 and 647
were applied for 1 h in 1% FBS-PBS in a concentration of 1:400.
Furthermore, unbound secondary antibodies were removed by
washing slides 3 times in 1X PBS for 5 min. Cell nuclei were stained
with 1 pg/ml DAPI for 5 min, and glass slides were then washed in
MQ water for 10 min and left to air dry. Afterwards, Vectashield®
mounting media (Burlingame, CA) was applied and glass slides were
covered with a coverslip and sealed with nail polish. Finally, images
were captured using the Zeiss LSM 700 (Jena, Germany) confocal
microscope and analyzed using ImageJ plugin FociPicker3D (NIH,
Bethesda, MD).
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FIG. 1. Dose response of DNA-PKcs T2609 and y-H2AX
phosphorylation 30 min postirradiation in asynchronous populations
of A431 (panel A) and AGO07217 (panel B) cells after increasing
gamma radiation doses. Data are shown from two independent
experiments for y-H2AX (JBW301 clone) and from 4-7 independent

experiments for DNA-PKcs T2609. The error bars represent SEM.
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Statistical Analysis

It was assumed that in all experiments data were normally
distributed and comparison among groups was made using unpaired
t test, and all tests results with P << 0.05 were considered statistically
significant. Multiple comparisons were made with one-way analysis of
variance (ANOVA) using Bonferroni correction. All tests were
performed in GraphPad Prism software, version 6.07 (LaJolla, CA).

RESULTS

To investigate whether pPDNA-PKcs can be used to score
DSB repair using flow cytometry, A431 and AG07217 cells
were irradiated with increasing dose and left to repair for 30
min (Fig. 1A and B). The pDNA-PKcs T2609 displayed
increasing median fluorescence intensity with increasing
dose. The scoring of pDNA-PKcs S2056 was more
challenging due to significantly lower signal ratios (data
not shown). Furthermore, dose-response analysis in these
cell lines revealed that pDNA-PKcs signal was significantly
lower than y-H2AX signal in irradiated A431 cells (doses
between 240 Gy; P < 0.05) and AGO07217 cells (doses
between 1040 Gy; P < 0.05). To determine if it was
possible to score pDNA-PKcs T2609 and y-H2AX
simultaneously, a rabbit monoclonal antibody anti-y-
H2AX was tested and data are shown in Supplementary
Fig. S1 (http://dx.doi.org/10.1667/RR14693.1.S1). It was
observed that rabbit monoclonal antibody clone EP854(2)Y
displayed lower phosphorylation levels than mouse mono-
clonal antibody clone JBW301. Therefore, for the kinetic
studies, the JBW301 clone was selected. In both cell lines,
the 10 Gy dose showed approximately three times higher
median fluorescence intensity of pDNA-PKcs T2609 than
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FIG. 2. pDNA-PKcs T2609 displays similar repair kinetics in all cell cycle phases. Panels A-E: A431,
AGO07217, HCT116, GM5758 and GM 16088 cells, respectively, were 10 Gy gamma irradiated, trypsinized,
fixed and stained for cell cycle and pDNA-PKcs T2609. Median fluorescence intensity changes in G, (red), S
(blue) and G, (black) phases are shown. Median fluorescence intensity was normalized to 15 min repair time
with respect to each cell cycle phase. Results from 3-8 experiments are shown as the mean and error bars

represents SEM.
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FIG. 3. NU7441 delays phosphorylation and dephosphorylation of
DNA-PKcs T2609 in AG07217 (panel A) and HCT116 cells (panel
B). AG071217 and HCT116 cells were treated without (black bars) or
with (gray bars) 5 pM NU7441 for 1 h before irradiation. After
irradiation, fresh media with or without drug was applied. Relative
median fluorescence intensity change of pPDNA-PKcs T2609 over 4 h
was measured in asynchronous population. Data was normalized to
nonirradiated cell median fluorescence intensity in each treatment
group individually, and error bars represent SEM from 3—4
independent experiments. *P << 0.05.

controls, thus in the following experiments this dose was
used.

It is known that H2AX phosphorylation depends on DNA
content and is not equal in all cell cycle stages (5), therefore
the pDNA-PKcs T2609 over cell cycle was scored
(Supplementary Fig. S2; http://dx.doi.org/10.1667/
RR14693.1.S1). It was observed that the phosphorylation
of DNA-PKcs T2609 increases with cell progression into S
and G, phase (Supplementary Fig. 2A and B) in control and
irradiated cells. However, upon irradiation the median
fluorescence intensity increases, while the ratio of phos-
phorylation does not change drastically between G,, S and
G, (Supplementary Fig. 2C). Since high doses of radiation
effect cell cycle distribution several hours after exposure,
phosphorylation of each cell cycle stage should be evaluated
separately. Therefore, the median fluorescence intensity of
the whole population can be used only during a period when
no significant changes in cell cycle are observed.

In further experiments, five different cell lines were 10 Gy
irradiated and retention of pDNA-PKcs T2609 was
measured in all cell cycle stages (Fig. 2A-E). All cell lines
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were proficient in DSB repair and displayed normal repair
kinetics, except GM16088, which are ligase IV-hypomor-
phic cells and have 5-10% of wild-type ligase activity (/8).
Surprisingly, all cells showed similar repair kinetics in G,, S
and G, when normalized to their respective cell cycle stage.
DNA-PKcs was rapidly phosphorylated after irradiation,
with maximal phosphorylation observed 15-30 min postir-
radiation. Wild-type cells showed reduction of pDNA-PKcs
T2609 within 60 min postirradiation while ligase IV
hypomorphic cells displayed no changes in pDNA-PKcs
T2609 median fluorescence intensity. At 4 h postirradiation,
9-26% of the initial (f = 15 min) pDNA-PKcs was present
in wild-type cells, while 51% of pDNA-PKcs T2609 was
still present in ligase IV-deficient GM16088 cells. Addi-
tionally, phosphorylation and dephosphorylation of vy-
H2AX in irradiated A431 and AGO07217 cells were
compared with pDNA-PKcs T2609 (Supplementary Fig.
3A and B; http://dx.doi.org/10.1667/RR14693.1.S1), and
both cell lines displayed faster phosphorylation and
dephosphorylation of DNA-PKcs T2609 than y-H2AX. It
is important to note that the signal-to-noise ratio at 30 min
postirradiation decreased in DNA-PKcs T2609, while y-
H2AX signal increased or remained stable, therefore, they
affect the relative fluorescence intensity ratios differently
(Fig. 1). This suggests that pDNA-PKcs T2609 better
represents early DSB repair events than that of y-H2AX that
has been previously reported.

Furthermore, we investigated whether specific DNA-
PKcs inhibitor NU7441 can induce detectable changes in
DNA-PKcs phosphorylation status. It has previously been
shown that NU7741 inhibits formation of S2056 foci (/9),
while the inhibitor treatment does not affect formation of
T2609 foci or significantly affect ATM or ATR activity
(20). AG07217 and HCT116 cells were treated with 5 uM
NU7441 for 1 h, irradiated, fixated and stained, and cells in
asynchronous population were then analyzed (Fig. 3A and
B). In both cell lines, NU7441 delayed phosphorylation of
DNA-PKcs T2609, in AG07217 at 15 min postirradiation
(P < 0.002) and in HCT116 cells at 30 min (P < 0.04).
Intriguingly, after NU7441 treatment, pPDNA-PKcs did not
reach same levels as in nontreated samples, and there was
no significant reduction of median fluorescence intensity
changes over a 4 h period in either cell line (P > 0.05),
indicating inhibited DSB repair.

Pulsed-field gel electrophoresis is one of the most precise
methods to measure the kinetics of DSB rejoining. Thus,
repair of all five cell lines was measured using PFGE and
compared with dephosphorylation of DNA-PKcs T2609
(Fig. 4A-E). Both methods showed comparable trends in
repair kinetics in all cell lines as early as 30 min
postirradiation. However, HCT116 cells displayed delayed
phosphorylation and dephosphorylation of pDNA-PKcs
T2609, while no repair delay was observed in PFGE (Fig.
4C).

Since flow cytometric evaluation showed significant
reduction of pDNA-PKcs in wild-type (GM5758) cells
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FIG. 4. pDNA-PKcs T2609 intensity changes in G, (black dotted) represents similar repair kinetics as PFGE
(black solid) in (panels A-E): A431, AG07217, HCT116, GM5758 and GM16088 cells, respectively. Controls
were subtracted and data normalized to the maximum signal in each assay separately. Data from 3-8 experiments
are shown, and error bars represent SEM. Dotted lines represent the G, data set transferred from Fig. 2.

compared to ligase IV hypomorphic (GM16088) cells at 1
and 4 h postirradiation (P = 0.0069 and 0.0385), we
compared these flow cytometric results with foci scoring
assay. Ligase IV hypomorphic cells (GM16088) and wild-
type fibroblasts GM5758 were irradiated and stained with
53BP1, y-H2AX and pDNA-PKcs T2609. The foci count
increased within 1 h in both cell lines for all of the markers
analyzed (Fig. 5A—C). Similarly, as in PFGE and flow
cytometric analysis of pDNA-PKcs T2609, ligase IV
hypomorphic cells displayed an increased number of foci
for DNA-PKcs T2609, 53BPland y-H2AX 4 h postirradi-
ation compared to wild-type cells (P = 0.0045; P = 0.0064;

P =0.0136).

The removal of pDNA-PKcs T2609, 53BP1 and y-H2AX
foci displayed similar kinetics, albeit it was slower in ligase
IV hypomorphic cells. In wild-type cells, the changes of
pDNA-PKcs at T2609 observed with flow cytometry
represented faster DSB repair kinetics than foci scoring
assay (Fig. 6) as early as 1 h postirradiation (P < 0.001),
while both assays resulted in similar kinetics in ligase IV

hypomorphic cells.

DISCUSSION

DNA-PKcs plays an important role in DSB repair and
signaling. It not only directly participates in DSB repair, but
also activates and recruits other repair proteins to the DSB
sites, thus making it a good candidate for analysis of DSB
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repair kinetics. In this study, we show that DNA-PKcs
phosphorylation at T2609, measured with flow cytometry,
can be used to score early DSB repair events in radiation-
induced DSBs. Similar to y-H2AX, DNA-PKcs phosphor-
ylation at T2609 is dependent on DNA content in cells.
Thus, cell cycle stage should be taken in account when
changes in fluorescence intensity are assessed, which is
especially important after longer repair times when cells
become arrested in the G,/M phase. However, when pDNA-
PKcs T2609 signal was normalized according to the specific
cell cycle stage, the fluorescence intensity increased and
decayed similarly in all cell cycle phases. This suggests that
NHE]J proteins might have an important role in DNA repair
in S phase as well, although in this phase HR is the
preferred repair pathway. Recently, it has been shown that
BRCAL interferes with phosphorylation of DNA-PKcs at
S2056 in the S phase, while phosphorylation of DNA-PKcs
at T2609 is unaffected (2/), which is consistent with the
notion that pDNA-PKcs T2609 activates end processing
(I4). However, the exact involvement of DNA-PKcs
functions in S phase repair still remains unclear; therefore,
we recommend scoring pPDNA-PKcs T2609 in the G, phase
when evaluating DSB repair.

Cells defective in proteins involved in NHEJ display
reduced DSB repair capacity and are radiosensitive. The
ability to discriminate between wild-type and ligase IV
hypomorphic cells can be useful in the characterization of
SCID patients and in the selection of appropriate cancer
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FIG. 5. Ligase IV hypomorphic cells remove foci slower than wild-
type cells. Ligase IV hypomorphic cells GM16008 and wild-type cells
GMS5758 were 2 Gy irradiated and left to repair for the indicated time,
fixated and stained for pDNA-PKcs T2609 (panel A), S3BP1 (panel
B) and y-H2AX (panel C). Mean values of the total foci count are
represented from 3—4 independent experiments, and error bars
represent SEM. At least one field of view was acquired from each
experiment, and more than 50 cell nuclei were analyzed.

therapies. We and others have previously shown that
treatment with NU7441 does not prevent formation of
pDNA-PKGcs foci (19, 22, 23). Therefore, in this study we
used NU7441 to delay the phosphorylation of DNA-PKcs,
which was successfully measured using flow cytometry.
Intriguingly, the inhibitor treatment prevented DNA-PKcs
phosphorylation and dephosphorylation over a 4 h time
period in both cell lines. Thus, we suggest that pPDNA-PKcs
T2609 measurements using flow cytometry can potentially
be used in DNA repair inhibitor screening and character-
ization. Taken together, these results provide evidence that
pDNA-PKcs T2609 scoring with flow cytometry can be
used to detect NHEJ defects in cells.

Interestingly, it was observed that HCT116 shows normal
rejoining of DSBs as measured by PFGE, while flow
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FIG. 6. Flow cytometric analysis of pDNA-PKcs represents better
repair kinetics in wild-type cells than foci scoring assay. Kinetics of
pDNA-PKcs T2609 in GMS5758 (panel A) and ligase IV hypomorphic
cells GM16088 (panel B) was compared using flow cytometry (green)
and foci scoring (red). Additionally, 53BP1 and y-H2AX foci kinetics
is shown (blue and black). Data represents 3—4 independent
experiments, and error bars display SEM. Dotted lines are transferred
from Fig. 5 and solid lines represent repair in G, phase and have been
transferred from Fig. 2. ***P < 0.001.

cytometric analysis revealed delayed phosphorylation of
DNA-PKcs T2609. It is known that HCT116 produces a
truncated form of Mrell, which is part of MRN complex
(24). The MRN complex is not only involved in processing
of DSBs, but is also one of the first proteins involved in
DSB signaling (25). Since there was no detectable DSB
repair delay in PFGE, we speculate that the mutation in
MREII] has a more prominent effect on signaling than
actual repair of DSBs. Alternatively, it is possible that
dephosphorylation of DNA-PKcs could be delayed due to a
decreased amount of protein phosphatase 5 in cells (26).
In wild-type cells the foci assay exhibited slower kinetics
than PFGE and flow cytometric assay. One explanation for
this could be that during repair, foci decrease in size and
fluorescence intensity, yet due to high sensitivity of
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confocal microscopy, these sites are still detected as foci. It
is possible to improve analysis of the kinetics in foci scoring
assays by introducing size, volume or intensity thresholds;
however, that would require more advanced analytic
systems and extensive validation, and would reduce the
processing speed. In this study, the foci scoring assay
resulted in similar conclusions as PFGE and flow cytometry
where ligase IV hypomorphic cells exhibits hindered repair.
The main advantage of the foci scoring assay is the ability to
score a low amount of damage induced in cells, and
subnuclear localization and co-localization with other
proteins. However, the analysis of pDNA-PKcs T2609 with
flow cytometry provides better statistics, represents better
repair kinetics and is less laborious. From all of these
assays, the PFGE continues to provide more accurate
estimates of DSB repair kinetics. Scoring DSB repair using
pDNA-PKcs T2609 is not possible at early time points due
to the delay of DNA-PKcs T2609 phosphorylation and in
ATM-deficient cells, where T2609 phosphorylation is
abolished (/5). In contrast, there are no such limitations
for PFGE, which measures physical rejoining of DSBs. The
advantages of using flow cytometry over PFGE to score
DSB repair are the ability to estimate repair in different
populations and quantify repair in each cell cycle phase, as

well as high throughput.

It is well established that y-H2AX signal reaches
maximum intensity approximately 30-60 min postirradia-
tion (6, 7), while the electrophoretic assays show great
reduction in DSBs at this period of time. In our study,
pDNA-PKcs T2609 shows faster increase and decrease of
maximum intensity, which can be explained by the fact that
v-H2AX is downstream of DNA-PKcs and is phosphory-
lated more extensively, which is further supported by the
fact that the phosphorylation of y-H2AX can reach up to
megabases away from DSBs, while DNA-PKcs is usually
localized to ~5 kbp around DSBs (27). Even though DNA-
PKcs T2609 phosphorylation levels are lower than their
respective y-H2AX levels, the flow cytometric evaluation of
pDNA-PKcs T2609 could still be useful in clinical settings
where higher doses are used, e.g., during stereotactic

ablative radiotherapy (28).

Additionally, we have observed that the ratio of pDNA-
PKcs T2609 in nonirradiated and irradiated cells varies from
cell line to cell line (data not shown). It is known that that
DNA-PKcs T2609 phosphorylation occurs in mitosis where
this marker co-localizes with mitotic spindle (29). Further-
more, the DNA-PKcs T2609 can be hyperphosphorylated in
cancer cells driving the metastatic process (30). Taken
together, these factors could explain the different noise-to-
signal ratios found in different cells that cause the
comparison of absolute pDNA-PKcs T2609 levels between
different cell lines to be challenging. However, this does not
affect analysis when relative phosphorylation level changes
are measured, as the pDNA-PKcs T2609 increase is
measured in irradiated cells and normalized to the respective

controls.
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In principle, it is possible to score y-H2AX and pDNA-
PKcs T2609 simultaneously. However, in this study the
rabbit antibody EP854(2)Y did not provide results that were
as robust as the widely-used mouse monoclonal antibody
JBW301. With further optimization of antibodies and
fixation protocols, it might be possible to score y-H2AX
and pDNA-PKcs T2609 in the same sample.

SUPPLEMENTARY INFORMATION

Fig. S1. Dose response of mouse monoclonal (JBW301)
and rabbit monoclonal (EP854(2)Y) y-H2AX antibodies in
A431 and AGO07217 cells. Solid line represents data
transferred from Fig. 1. Data from 2-3 experiments are
shown and error bars represent SEM.

Fig. S2. Radiation induces increase of DNA-PKcs T2609
phosphorylation. AG07217 cells were 10 Gy irradiated and
left to repair for 30 min. Panel A: Bivariate analysis of DNA
content and pDNA-PKcs results in increased phosphoryla-
tion in S and G, phases compared to G, phase in irradiated
(red) and nonirradiated cells (blue). Irradiated cells in all
cell cycle phases show increased phosphorylation of DNA-
PKcs T2609 (panel B), while similar ratios are observed in
control and irradiated cells when signal is normalized to G,
(panel C).

Fig. S3. pDNA-PKcs T2609 represents more responsive
repair kinetics than y-H2AX. AG07217 (panel A) and A431
(panel B) cells were 10 Gy irradiated, left to repair, fixated
and stained for pDNA-PKcs T2609 and y-H2AX. Results
are shown from 2-5 independent experiments for pDAN-
PKcs and from a single experiment for H2AX. Whiskers
represent SEM.
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