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radiation sensitivity of glioblastoma cell
lines proficient and deficient in DNA-PKcs
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Abstract

Background: Radiotherapy is routinely used to combat glioblastoma (GBM). However, the treatment efficacy is
often limited by the radioresistance of GBM cells.

Methods: Two GBM lines MO59K and MO59J, differing in intrinsic radiosensitivity and mutational status of DNA-PK
and ATM, were analyzed regarding their response to DNA-PK/PI3K/mTOR inhibition by PI-103 in combination with
radiation. To this end we assessed colony-forming ability, induction and repair of DNA damage by yH2AX and
53BP1, expression of marker proteins, including those belonging to NHEJ and HR repair pathways, degree of
apoptosis, autophagy, and cell cycle alterations.

Results: We found that PI-103 radiosensitized MO59K cells but, surprisingly, it induced radiation resistance in MO59J
cells. Treatment of MO59K cells with PI-103 lead to protraction of the DNA damage repair as compared to drug-free
irradiated cells. In PI-103-treated and irradiated MO59J cells the foci numbers of both proteins was higher than in
the drug-free samples, but a large portion of DNA damage was quickly repaired. Another cell line-specific difference
includes diminished expression of p53 in MO59J cells, which was further reduced by PI-103. Additionally, PI-103-
treated MO59K cells exhibited an increased expression of the apoptosis marker cleaved PARP and increased subGl1
fraction. Moreover, irradiation induced a strong G2 arrest in MO59J cells (~ 80% vs. ~ 50% in MO59K), which was,
however, partially reduced in the presence of PI-103. In contrast, treatment with PI-103 increased the G2 fraction in
irradiated MO59K cells.
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yet unknown mechanism.

Conclusions: The triple-target inhibitor PI-103 exerted radiosensitization on MO59K cells, but, unexpectedly, caused
radioresistance in the MO59]J line, lacking DNA-PK. The difference is most likely due to low expression of the DNA-
PK substrate p53 in MO59]J cells, which was further reduced by PI-103. This led to less apoptosis as compared to
drug-free MO59J cells and enhanced survival via partially abolished cell-cycle arrest. The findings suggest that the
lack of DNA-PK-dependent NHEJ in MO59J line might be compensated by DNA-PK independent DSB repair via a
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Background

Radiation therapy (RT) constitutes an important ap-
proach to treating local and regional cancer. About 50—
70% of all tumor patients receive RT during treatment.
Tremendous advances in physical targeting and tumor
imaging [1, 2] and optimization of ionizing radiation
(IR) treatment protocols have yielded significant ad-
vances in patient outcome. Yet, radioresistance of tumor
cells remains a major cause of treatment failure, result-
ing in a lower progression-free survival rate in many
types of cancers, including glioblastoma (GBM), pancre-
atic and lung cancers. Particularly, the success rate of
curing GBM remains very low with only about 10% of
patients alive after 5years following radiochemotherapy
treatments [3].

In order to enhance the effects of RT, two major ap-
proaches have been proposed. The first strategy is based
on the reduction of the treatment volume, i.e. by irradi-
ating a smaller volume of healthy tissue while irradiating
the defined tumor volume. The second approach utilizes
the increase of the differential response of the normal
tissue and the tumor using chemotherapeutics, biological
agents, proteomic or genetic methods etc. [4—7]. This
strategy is based on the rationale that additional artifi-
cially induced DNA damage may lower the threshold of
the IR mediated cancer cell death. DNA double-strand
breaks (DSBs) are the most significant lesions produced
by IR and other exogenous cytotoxic agents. DSBs affect
the genomic integrity of cells and, if insufficiently
repaired or misrepaired, they may lead to chromosome
breaks, gene deletions and translocations [8].

IR targets not only DNA itself but rather DNA in
the context of chromatin, i.e. within a highly regu-
lated and complex DNA-protein structure [9, 10].
One of the earliest events in the response to IR-
induced DNA damage is phosphorylation of histone
H2AX at Serin139 to yH2AX, which in turn is be-
lieved to recruit DNA repair factors to sites of DSBs
[11]. Since YH2AX is associated with DSB repair, the
kinetics of induction and decay of YH2AX expression
might be related to the repair efficiency of higher-
order chromatin structure [12]. High expression of
constitutive yH2AX is indicative of defective DNA re-
pair pathway and/or genomic instability, whereas

another well-known marker protein of DNA damage,
53BP1 (p53-binding protein 1), is a conserved check-
point protein with properties of a DNA DSBs sensor
[13]. DNA DSBs attract 53BP1 to the surrounding
chromatin, where 53BP1 is recruited by methylated
histone H3 Lys 79 and signals chromatin/DNA dam-
age [13].

Despite technical advances in radiation delivery proto-
cols, poor radiation response or even radioresistance of
some tumor entities justifies the urgent need to investi-
gate the underlying network of signaling pathways that
define tumor response to IR. Among others signaling
pathways, the frequent activation of the PI3K pathway in
GBM cells and its crucial role in cell growth, survival
and migration make it a promising target for pharmaco-
logical intervention (for review, see [14]). Besides this,
genetic alterations leading to activation of the PI3K/Akt/
mTOR pathway are associated with treatment resistance
in a variety of solid tumors [15].

We here examine two GBM cell lines MO59K and
MO59] derived from the same glioblastoma biopsy spe-
cimen regarding their response to irradiation and simul-
taneous DNA-PK/PIBK/mTOR inhibition by PI-103.
The two cell lines were chosen because they differ con-
siderably in intrinsic radiosensitivity and mutational sta-
tus of PRKDC, the gene encoding for DNA-PK.. The
inhibitor PI-103 was added 3 h before IR and kept 24 h
thereafter. Irradiated samples of both cell lines treated
with inhibitor were analyzed for colony-forming ability,
interaction of tumor cells with the extracellular matrix
(ECM), combination index (CI) of IR and drug treat-
ments, DNA damage induction and repair by counting
of YH2AX and 53BP1 foci, apoptosis, autophagy, marker
protein expression, and cell cycle alterations.

Methods

Cell lines and preliminary characterization

Glioblastoma cell lines MO59K and MO59] were ob-
tained from the American Type Culture Collection (Ma-
nassas, VA) and authenticated by the supplier. Both cell
lines were cultivated in CGM containing Dulbecco’s
modified Eagle’s medium nutrient mixture F-12 HAM
(Sigma D-6421), non-essential amino acids, and sodium
pyruvate according to the provider’s prescription. The
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modal chromosome numbers were reported to be 64
and 74 for MO59K and MO59J lines, respectively [16].
Population doubling times were found to be 60 +2 and
72 +3 hrs for the MO59K and MO59J cell lines, respect-
ively. Cells were used at low (< 15) passages after thaw-
ing and were regularly examined during the study for
Mycoplasma (MycoAlert; Lonza, Rockland, ME) con-
tamination. Both cell lines are mutated in p53 and PTEN
genes [https://web.expasy.org/cellosaurus/CVCL_0401;
https://web.expasy.org/cellosaurus/CVCL_0400) [17]].

In our preliminary tests (see Additional file 1: Supple-
mental Methods, Additional file 1: Figs. S1-S4) we found
intrinsic differences in chromatin compaction between
the two tested cell lines. These tests were performed be-
cause chromatin compaction is well known to play an
essential role in DNA repair, and thus can influence the
sensitivity of cells to DNA damaging agents [18]. To this
end, we performed a Comet assay and also analyzed
microscopically the expression of histone deacetylase 5
(HDACS5). Additionally, we tested the stainability of the
nuclear chromatin with 4',6'-diamidino-2-phenylindole
(DAPI).

The alkaline Comet assay reveals not only single-
strand DNA breaks and alkali-labile sites, but it also pro-
vides a measure for chromatin integrity after exposure
to a clastogenic agent such as IR [19]. By assessing the
DNA damage/fragmentation from the Tail Moment
(TM) values of irradiated cells (Additional file 1: Fig. S1),
we found that the initial radiation-induced DNA frag-
mentation in MO59J cells was ~ 1.3 times higher than in
MO59K cells. Yet, the residual DNA damage as well as
the DNA repair kinetics were very similar in both cell
lines. The difference between MO59K and MO59]J cell
lines was seen more evidently if the TM distribution of
individual cells was taken into account, i.e. the represen-
tative TM values histograms of the radiosensitive
MOS59] line were strongly shifted towards higher values
compared with the TM values histograms of MO59K
cells (Additional file 1: Fig. S2).

A further preliminary test was immunofluorescence
staining of HDACS5 foci. It is known that histone deace-
tylation promotes a “closed” chromatin conformation
and it usually leads to repression of gene activity [20].
As seen in Additional file 1: Fig. S3, the number of
HDACS5 foci in MO59K cells was ~ 10-time higher than
in MO59] cells. An additional interesting finding was
that MO59K cells show a much higher stainability with
DAPI than MO59J cells (Additional file 1: Fig. S4). Since
a linear relationship exists between chromatin condensa-
tion and its stainability with DAPI [21], this result points
to a strong intrinsic difference in chromatin compact-
ness between the two cell lines studied here. The finding
on DAPI staining (Additional file 1: Fig. S4) also corrob-
orates with the observed difference in HDACS5
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expression (Additional file 1: Fig. S3). To sum up, the
preliminary tests, including the Comet assay, HDAC5
and DAPI staining, suggest a strong difference in the in-
trinsic degree of chromatin condensation between the
MO59K and MO59J cell lines.

Drug treatment and cytotoxicity of PI-103

The inhibitor PI-103 was purchased from Selleckchem
(Absource Diagnostics GmbH, Munich, Germany). The
substance was freshly diluted from frozen (-80°C) ali-
quots dissolved in DMSO. The cytotoxicity of PI-103
within the concentration range 0.01-20 uM was studied
by an ATP-based assay (CellTiter-Glo Luminescent Cell
Viability Assay, Promega, Madison, WI) according pro-
vider’s prescription. The cellular ATP levels in cell sam-
ples treated with the drug for 24h were normalized
against DMSO-treated controls and plotted versus PI-
103 concentration (Additional file 1: Fig. S5). With in-
creasing PI-103 concentration, the mean ATP content in
both cell lines decreased steadily depending on the cell
line to about 20-40% of the initial level after drug
(20 uM) exposure. Based on these measurements, 2 yM
of PI-103, causing about 15-20% viability loss, was used
for subsequent experiments. The selected PI-103 con-
centration is consistent with the previously reported data
[22]. PI-103 (2uM, [22]) was added 3h (short-term
treatment) prior to exposure to IR and remained in
CGM up to 24 h (long-term treatment) after IR. Control
cells were treated in parallel with respective amounts of
DMSO.

X-ray irradiation

Irradiation was performed at room temperature using a
6 MV Siemens linear accelerator (Siemens, Concord,
CA) at a dose rate of 2 Gy/min. After irradiation, cells
were kept in CGM for the indicated time until harvest.

Colony survival assay

Cell survival was assessed by colony formation as previ-
ously described [22]. Subconfluent monolayers of control
and inhibitor-treated cells were irradiated in culture
flasks filled with CGM at room temperature by graded
single doses (0-8 Gy), seeded 24h post-IR in Petri
dishes, i.e. delayed plating, and then cultured for 10-12
days in CGM. Four replicates were performed for each
radiation dose, and the experiments were repeated at
least four times. After 10-12 days the cells were fixed
and stained with crystal violet (0.6%). Macroscopic col-
onies containing at least 50 cells were scored as survi-
vors. The mean clonogenic survival data for each cell
line were fitted to the linear-quadratic (LQ) model:
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SF= exp(-aX-BX?) (1)

where, SF is the survival fraction, X is the irradiation
dose, a and f are the fitted parameters.

In some experiments, radiation survival was assessed
without replating, i.e. tumor cells were cultured at fixed
densities, and treated with the inhibitor 3h before IR
with 3 and 5Gy. Twenty four hours after IR culture
medium was replaced with fresh medium, and the dishes
were incubated for the next 10-12days, fixed and
stained as it was done in case of delayed plating (see
above).

To determine the type of combination effect of X-ray
with PI-103 in MO59K cells, the CI value was calculated
as previously described [23, 24]. To this end, MO59K
cells were treated with different doses (2, 3 and 5 Gy) of
IR, or different concentrations of PI-103 (0.5, 1 and
2 uM) or a combination of radiation (3 Gy) with different
concentrations of PI-103. The treated cell samples were
then examined for colony-forming ability as described
above. The CI is a quantitative measure of the degree of
interaction between different treatments. CI values in
the range of 0.9-1.1 indicate additive effect, whereas
values greater than 1.1 indicate antagonism. CI values in
the range from 0.9 to 0.7 indicate slight synergism and
ClI values less than 0.7 synergism.

To study extracellular matrix-dependent colony for-
mation, the Petri dishes were pre-coated with either fi-
bronectin (FN) or bovine serum albumin (BSA) as
previously described [25]. Clonogenic survival of non-
irradiated and irradiated control and drug-treated cells
was performed as explained above without re-plating.

Western blotting

For immunoblot assays, whole-cell lysates were prepared
30 min and 24 h post-IR, according to standard proce-
dures. Samples equivalent to 40 pg of protein were sepa-
rated using 4-12% SDS-polyacrylamide pre-cast gels
(Invitrogen, Karlsruhe, Germany) and transferred to
nitrocellulose membranes. For protein detection, mem-
branes were incubated with respective primary and
species-specific peroxidase-labeled secondary antibodies
according to standard protocols. The levels of protein
expression were quantified using the software Image]
(NIH, Bethesda, MD) and normalized to B-actin levels.

Antibodies
The primary and secondary antibodies are specified in
the Additional file 1: Supplemental Materials.

YH2AX and 53BP1 foci counting using confocal laser
scanning microscopy (CLSM)

Cells (about 5-10%) were seeded in 500 ul medium per
well in 8-well Chamber Slides (Sarstedt, Niimbrecht,
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Germany) 20-24 h before irradiation. Cells were treated
with PI-103 for 3 h prior to radiation with a single dose
of 2@Gy. After irradiation, cells were kept in CGM for
the indicated time until fixation. At different time points
(0 min, 10 min, 20 min, 30 min, 120 min, 240 min and
360 min) after irradiation, cells were washed with pre-
warmed (37°C) PBS and fixed for 10 min at room
temperature with a PBS solution containing 4% formal-
dehyde (Thermo Scientific, Rockford, IL). Thereafter,
the cells were stained simultaneously for yH2AX and
53BP1 as previously decribed [26, 27]. Confocal fluores-
cence images were acquired with a Zeiss LSM 700
microscope. In each sample, computer-assisted YH2AX
foci counting from 3D-CLSM image stacks [28] was per-
formed in about 100 cells.

Cell cycle measurements by flow cytometry

Non-treated and drug-treated cell cultures were irradi-
ated as sub-confluent monolayers in CGM at room
temperature. The cells were then kept in CGM under
standard conditions, and analyzed by flow cytometry 30
min and 24 h after IR exposure. For analysis, the cells
were trypsinized, washed twice in PBS, fixed and stained
with propidium iodide (PI, Sigma P-4170, 10 ug ml™ ') in
the presence of ribonuclease A (Sigma R-5250, 25 pug
ml™ 1) as described elsewhere [22].

At least 20,000 cells were assayed for DNA distribu-
tion using a flow cytometer FACSCantoll (Becton Dick-
inson, San Jose, CA). The output data presented as one-
dimensional histograms acquired in linear mode, i.e., the
distributions of PI-DNA signals within the cell samples,
were analyzed using the Flowing Software program ob-
tained from P. Terho (Turku Centre for Biotechnology,
Turku, Finland) and the ModFit LT program (Verity
Software House, Topsham, ME).

Statistics

Data are presented as means (+ SD or+ SE). Mean
values were compared via Student’s ¢-test. The threshold
of statistical significance was set at P<0.05. Statistics
and fitting of experimental data were performed with
Origin 8.5 (Microcal, Northampton, MA).

Results

The following experiments were performed to evaluate
the effects of simultaneous targeting of DNA-PK, PI3K
and mTOR with PI-103 on the radiation sensitivity,
marker protein expression, DNA damage/repair, the de-
gree of apoptosis, autophagy, and cell cycle alterations in
two GBM tumor cell lines. The two commercially avail-
able (MO59K and MO59J) cell lines originate from dif-
ferent portions of the same human glioblastoma
specimen and show an ~ 10-fold difference in their radi-
ation sensitivities [29]. In addition, the radiosensitive
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MO59J cells carry mutated DNA-PKcs and ATM genes
[30]. Given that MO59J cells are fully devoid of DNA-
PKcs, the pyridinylfuranopyrimidine PI-103, a triple-
target (DNA-PK, PI3K and mTOR) inhibitor, has one
less target in MO59J cells, as compared to MO59K cells,
which express all three target proteins.

Effects of PI-103 and NVP-AUY922 on colony survival
after IR

Figure 1 shows the cell survival curves of control
(DMSO) and drug-treated cells plotted versus the radi-
ation dose, along with the best fits of the LQ model (Eq.
1) to the data. The plating efficiencies (PE) of non-
irradiated cell samples, as well as the fitted parameters
derived with the LQ model, including the surviving frac-
tion at 2 Gy (SF2), the radiation dose required to reduce
colony forming ability by 90% (Djo) and the growth in-
hibition factor (IF;o) from at least 4 independent experi-
ments are summarized in the Additional file 1: Table S1.
As seen in Fig. la, PI-103 had a strong radiosensitizing
effect in MO59K cells (Fig. 1, curve 2 vs. curve 1), as evi-
denced by the decrease of the SF2 value from 0.63 in
non-treated irradiated cells to 0.41 in PI-103-treated ir-
radiated MO59K cells (Additional file 1: Table S1). In
contrast, PI-103 induced radioresistance in MO59]J cells
(Fig. 1, curve 4 vs. curve 3), indicated by the increase of
the SF2 value from 0.16 in control irradiated MO59]
cells to 0.23 (Additional file 1: Table S1). Likewise, the
D,y value was increased from 2.3 Gy in control to 3.2 Gy
in drug-treated MO59]J cells.

It is conceivable that radiation resistance induced by
PI-103 in MO59J cells may be the result of selective cell
loss prior to cell re-plating due to excessive apoptosis
and increased detachment of highly damaged cells
treated with PI-103 and IR. These cells would escape
analysis due to the washing and trypsinization steps
prior to subsequent re-plating for colony-survival test.
Indeed, the colony-survival test in our study was carried
out with delayed plating, i.e. the cell samples were incu-
bated 24 h post-IR with the inhibitors before being re-
plated in Petri dishes for further cultivation. In order to
analyze the possibility of exclusion of strongly damaged
cells during delayed plating, we tested additionally the
survival of pre-plated cells. To this end, the tested cells
were grown at fixed densities in Petri dishes, treated
with the inhibitor for 3h and irradiated with a single
dose of 3 and 5 Gy. Twenty four hours later the inhibitor
was washed out and the samples were cultivated just like
in the delayed plating protocol. The results of experi-
ments without re-plating are shown in Fig. 1d, e. As seen
in Fig. 1d, e, treatment with PI-103 without re-plating
caused the same opposing effects on the radiation sensi-
tivity of the two cell lines as in the experiments with de-
layed re-plating (Fig. 1b, ¢), ie. diminished (MO59K)
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and enhanced (MO59]) survival of irradiated PI-103-
treated cells. Moreover, PI-103 acts much stronger as a
radiosensitizer in MO59K cells treated under the proto-
col without re-plating (Fig. 1d) compared to the experi-
ments with delayed re-plating (Fig. 1b).

The type of combination effect of IR and PI-103 on
MO59K cells was determined by calculating the CI value
[23, 24]. In these experiments, MO59K cells were treated
either with different doses of radiation (Additional file 1:
Fig. S6a), or with PI-103 (Additional file 1: Fig. S6b) or
with a combination of radiation (3 Gy) and PI-103 (Add-
itional file 1: Fig. S6¢) added 3 h before IR, and clono-
genic survival of MO59K cells was determined as
described in the section Materials and Methods. The ex-
periments revealed that the interactions of radiation and
PI-103 were mostly synergistic (CI < 0.7), which suggest
a radiosensitizing effect of PI-103 on MO59K cells.

Another important aspect of radiation sensitivity is the
interaction of cancer cells with the extracellular matrix
(ECM). The presence of an ECM increases cellular re-
sistance to cell-damaging agents such as drugs or IR
[25]. To test whether FN or BSA influences the clono-
genic survival of MO59K and MO59J cells, Petri dishes
were coated [25] with either FN or BSA according to
Cordes et al. (2003). The results (Additional file 1: Fig.
S7) showed that pre-coating of dishes with FN or BSA
had no impact on the clonogenic survial of control and
drug-treated and/or irradiated cells of both cell lines.

To gain additional insight into the interaction of can-
cer cells with the extracellular matrix and to interpret
the results in Fig. S7, we studied the expression of sev-
eral marker proteins involved in cell adhesion. These
were focal adhesion kinase (FAK), p-FAK (Ser910),
integrin-linked kinase (ILK1), RhoA, cdc42 and Rac1/2/3
proteins (Additional file 1: Fig. S8). As seen in Fig. S8,
the background expression levels of the analyzed pro-
teins were very similar in both cell lines, and neither ra-
diation nor PI-103 significantly affected the expression
of the studied proteins.

Effects of PI-103 and irradiation on the expression of
marker proteins of the PI3K- and MAPK-pathways

In order to explain the opposing effect of the triple in-
hibitor PI-103 on the radiation sensitivity of MO59K
and MO59] cells we analyzed the expression of two
groups of proteins. The first group (Fig. 2) includes sev-
eral marker proteins of the PI3K-pathway, i.e. PI3K, p-
Akt (Ser473) and p-mTOR, along with p-4E-BP1 and p-
S6. The second group includes three proteins of the
MAPK-pathway, ie. Raf-1, p-MEK1/2 and p-Erkl/2
(Additional file 1: Fig. S6). Figure 2 and Fig. S6 show ex-
emplarily the Western blot data of control and drug-
treated samples of both cell lines probed for the marker
proteins in control, drug-treated and/or irradiated cell
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containing at least 50 cells were scored as survivors. Data derived

samples. Samples shown on the left- and right-hand
sides (LHS, RHS) of Figs. 2, S6 were obtained from
MO59K and MO59J cells, respectively.

As seen in Fig. 2 (LHS column), a short (3 h) incuba-
tion with PI-103 slightly decreased the expression of

PI3K in MO59K cells, whereas the PI3K level in the
MO59] cell line remained mostly unchanged. At the
same time, the amount of p-Akt was completely de-
pleted in PI-103-treated samples after a 3-h drug treat-
ment in both cell lines, with and without IR. In contrast,
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Fig. 2 Representative Western blot analysis of expression levels of several marker proteins of PI3K-pathway in MO59K and MO59J tumor cells
treated with DMSO (control) or PI-103 for 3 h prior to IR with 8 Gy and detected 30 min and 24 h thereafter. 3-actin was used as loading control.
The uncropped blots are shown in Fig. S12. The experiment was repeated at least three times

24-h treatment with PI-103 caused reactivation of p-Akt cells recovered to about 50-80% of the background level
[22], i.e. the amount of phosphorylated form of Akt in  (Fig. 2, LHS). However, in PI-103-treated MO59]J cells
both non-irradiated and especially in irradiated MO59K  much less Akt was phosphorylated independent of IR.
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In addition to PI3K, a target of PI-103, we analyzed
the presence of a further target of PI-103, mTOR and its
downstream effectors, ribosomal S6 and translational re-
pressor 4E-BP1 proteins, which are known to influence
cell-cycle progression and cell growth [31, 32]. The
amount of functional m-TOR, p-mTOR was decreased
after a 3-h incubation with PI-103 in both cell lines (Fig.
2), independent of IR. However, after a 24-h incubation
it was moderately increased in MO59K cells whereas it
remained slightly reduced in MO59J cells. As a result of
depletion of p-Akt and reduction of p-mTOR, the p-S6
protein was also depleted 30 min post-IR in both cell
lines (Fig. 2) treated with PI-103. In contrast, the
amount of p-4E-BP1 was reduced to a much lesser ex-
tent (Fig. 2) but in the same pattern as p-S6.

The lack of PTEN in PTEN-mutated cells, such as
both tested cell lines, usually leads to a compensatory
activation of the PI3K pathway. Thus, activation of Akt,
a major hub protein of the pathway, typically results in
an inhibition of Raf-1 and its downstream effectors MEK
and ERK through a cross-talk between the PI3K/Akt/
mTOR and Ras/Raf/MEK/Erk (MAPK signaling) path-
ways [33]. Normally the MAPK pathway transmits sig-
nals from cell surface receptors to promote proliferation
and survival programs, and it is frequently mutated in
cancer cells [34, 35]. The expression of Raf-1 (Additional
file 1: Fig. S6) remained nearly unchanged after incuba-
tion with PI-103 in both cell lines. Similarly, no signifi-
cant effects of PI-103 on the amounts of p-MEK1/2 und
p-Erk1/2 (Additional file 1: Fig. S6) were seen in both
cell lines. Interestingly, the background expression of p-
Erk1/2 was much stronger in MO59] cells compared
with the MO59K line, especially in irradiated MO59]
cells 30 min post-IR.

In addition, we detected the expression of non-
phosphorylated forms of the above mentioned proteins
(data not shown). Contrary to the phosphorylated forms,
the expression of non-phosphorylated forms of Akt,
mTOR, 4E-BP1, S6, MEK1/2, and Erkl/2 remained al-
most unchanged after addition of PI-103.

Impact of PI-103 on the IR-induced DNA damage assessed
by yH2AX and 53BP1 foci counting

To further elucidate the opposing effects of PI-103 on
the colony-forming ability of MO59K and MO59] cells
(Fig. 1), we compared the IR-induced DNA damage in
PI-103-treated and control drug-free cells by counting
immunostained YH2AX and 53BP1 foci [11, 26, 27] as
markers of the DNA DSBs in irradiated cell samples
(Fig. 3a, b), either untreated or pretreated with PI-103.
YH2AX and 53BP1 foci counting in cell nuclei (Fig. 3c,
d) was performed on 3D-CLSM image stacks using an
automated foci analysis software reported recently [28].
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The YH2AX and 53BP1 foci were counted in samples
prepared at different times (0—6 h) after IR.

We found substantial amounts of yH2AX and 53BP1
foci not only in irradiated but also in non-irradiated
samples of both GBM lines (Fig. 3). Even without being
exposed to IR (Fig. 3), drug-free control samples of both
cell lines displayed a base level of ~8-10 foci per nu-
cleus (fpn) over the 6 h of observation time. These values
are well within the range reported for spontaneous
YH2AX foci caused by replication-associated breaks in a
variety of cancer cell lines [26, 36]. PI-103 had little, if
any, effect on the foci number in non-irradiated samples
(Fig. 3).

Within the first 30 min after irradiation with 2 Gy, the
amount of YH2AX and 53BP1 foci in drug-free MO59K
and MO59J cells increased rapidly to comparable peak
values of ~45 and ~ 35 fpn, respectively (Fig. 3c, d).
After that, the foci numbers decreased steadily in both
cell lines, however, to a different extent. The foci num-
bers of both proteins in MOS59] cells decayed much
slower than in MO59K cells. Thus, 6 h after irradiation,
the residual foci numbers of both proteins in MO59K
and MO59J cells were found to be, respectively, 10-15
and 20-35 fpn. The large ~2.5 fold excess of residual
(~ 25 fpn) over spontaneous (~ 10 fpn in non-irradiated)
foci numbers suggests that the IR-induced DNA DSBs in
non-treated irradiated MO59] cells have been only par-
tially repaired within 6 h after irradiation. Treatment of
MO59K cells with PI-103 lead to protraction of the
DNA damage repair as compared to drug-free irradiated
cells (Fig. 3c). Interestingly, in PI-103-treated and irradi-
ated MO59J cells the expression of foci of both proteins
was higher than in the drug-free samples, but a large
portion of DNA damage was quickly repaired (Fig. 3d).

Although the drug-free samples of MOS59K and
MO59J cell lines were similar in their initial yH2AX and
53BP1 foci counts (Fig. 3c, d), PI-103 exerted different
effects on the time-course of foci induction and decay in
two cell lines. However, for a deeper quantitative ana-
lysis of YH2AX foci in these isogenic cell lines, the ~
10% difference in their modal chromosome numbers
[16] should also be considered.

Effects of PI-103 and irradiation on the expression of DNA
repair proteins

Driven by the finding that PI-103 inversely affects the ra-
diation survival of tested cell lines (Fig. 1) we analyzed
the expression of several DNA repair proteins. Figure 4
and Fig. 5 show representative Western blot detections
of several proteins belonging either to non-homologous
end-joining (NHE]J, Fig. 4) or homologous recombin-
ation (HR, Fig. 5) DNA repair pathways in both cell lines
treated with drug and IR.
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MO59K + PI-103
y-H2AX 53BP1 merge

MO59J + PI-103

y-H2AX 53BP1 merge

Gy

0

2Gy,6h

2 Gy, 30 min 0 Gy 2 Gy, 30 min

2Gy,6h

Foci per nucleus

MO59J

As seen in Fig. 4, the components of the heterodimer
Ku70/Ku80, which bind to and protect the broken DNA
ends, are equally expressed in both cell lines and the ex-
pression levels were unaffected by drug and/or IR treat-
ment. The deficiency of MO59J cells in DNA-PK gene is
clearly confirmed by our Western blot data (Fig. 4,

RHS), i.e. DNA-PK was completely absent in MO59]
cells but clearly present in MO59K cells (Fig. 4, LHS).
Thirty minutes after IR, the expression levels of DNA-
PK in MO59K cells were almost unchanged, independ-
ent of drug and/or IR treatment (Fig. 4). We also found
no differences in the background expression of the DNA
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Fig. 4 Representative Western blot analysis demonstrating the expression of several DNA repair proteins of the NHEJ pathway in MO59K and
MO59]J cells treated with DMSO (control) or PI-103 for 3 h prior to IR with 8 Gy and detected 30 min and 24 h thereafter. 3-actin was used as
loading control. The uncropped blots are shown in Fig. S12. The experiment was repeated at least three times

repair protein Rad50 between cell lines (Fig. 4). More-
over, neither chemical inhibition nor IR exposure af-
fected Rad50 expression in both studied cell lines.

In addition to the NHE] DNA repair pathway, we
tested several proteins of the HR pathway (Fig. 5). Our
Western blot data (Fig. 5, RHS) are in line with the mu-
tation in ATM gene in MO59] cells, i.e. the expression
of ATM protein was strongly reduced in this line com-
pared with MO59K line. Interestingly, despite the ATM
deficiency in MO59J cells, addition of PI-103 clearly in-
creased ATM expression thereby enhancing DNA repair.

We further tested the CtBP (C-terminal binding protein)
interacting protein (CtIP), an interacting partner of the
Mrel1/Rad50/Nbsl (MRN) DNA damage sensor protein
complex, which recognizes DNA DSBs. As seen in Fig.
5, CtIP as well as p95/NBS1 are strongly expressed in
both cell lines, especially 24-h post-IR in MO59J cells. In
both cell lines, the activated form of p95/NBS1 protein
was strongly induced by IR independent of PI-103 treat-
ment. Additionally we detected p-BRCA1 protein, which,
together with BRCA2, is required for localization of
Rad51 to DNA DSBs sites. As seen in Fig. 5, MO59] cells
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exhibited lower amount of p-BRCA1l as compared to
MO59K cells. PI-103 treatment slightly diminished p-
BRCAI1 content in non-irradiated MO59] cells, but not
in irradiated samples. The expression pattern of Rad51
was similar to that of p-BRCA1l. The Rad54 helicase,
which interacts with Rad51 to regulate its DNA binding
and strand exchange activities during HR, was strongly
expressed in both cell lines, especially 24 h post-IR in
MO59J cells independent of drug treatment.

To sum up, we found that several proteins of the
NHE] pathway are highly expressed not only in the
repair-proficient MO59K cells but also in the repair-
deficient MO59J cells. However, due to the absence of
DNA-PK, NHE]J likely does not contribute to DSB repair
upon drug and/or IR treatment in MO59] cells. As for
HR, despite reduced level of ATM in MO59J cells, other
marker proteins of the HR pathway were markedly
expressed in this cell line, except for p-BRCAL. Interest-
ingly, addition of PI-103 did not reduce the expression
of HR-related proteins, but instead it induced the ex-
pression of ATM especially in MO59J cells, indicating a
certain degree of HR pathway functionality in the
radiation-sensitive MO59] cells.

Effects of PI-103 and irradiation on the expression of p53,
p-p53 and p53-related Bax protein

Both DNA-PK and ATM redundantly phosphorylate
similar substrates, e.g. both are required for normal
levels of p53 phosphorylation and p53-dependent apop-
tosis [37]. Therefore, we analyzed the expression of p53
in both cell lines (Fig. 6). We found that the diminished
expression of p53 in MO59J cells was further reduced by
addition of PI-103 (24 h post-IR) but to a much lesser
extent in MO59K cells (Fig. 6). Another difference be-
tween these cell lines was that irradiation activated p53
in MO59K cells by phosphorylation on Serinl5 (Fig. 6),
but p-p53 was undetectable in irradiated MO59] cells.
Next, we found that at the time of IR the background
expression of the pro-apoptotic protein Bax was much
higher in MO59K cells than in MO59]J cells, especially
after addition of PI-103 (Fig. 6). Given that Bax is related
to p53, this finding is in line with the pro-apoptotic
function of p53 and its different expression levels in
both cell lines.

Effects of PI-103 and radiation on late-stage apoptosis
and autophagy

To further explore the mechanisms underlying the op-
posing effects of PI-103 on the radiation sensitivity of
the GBM cell lines illustrated in Fig. 1, we also analyzed
cleaved PARP, a well-known marker of apoptosis. As
seen in Additional file 1: Fig. S7, the background amount
of PARP, which plays an important role not only in base
excision repair, but also in homologous and non-
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homologous DNA repair [38], was much higher in
MOS59K than in MO59J cells. Interestingly, short incuba-
tion with PI-103 strongly increased the presence of
cleaved PARP, especially in MO59K cells (Additional file
1: Fig. S7) and this effect was independent of IR. This
finding is consistent with the assumption that during IR,
PI-103-treated MO59K cells underwent extensive apop-
tosis. The net amount of cleaved PARP in drug-treated
MO59] cells was much lower than in MO59K cells,
which may be due to the deficiency of MO59] cells in
DNA-PK, which is normally involved in signaling DNA
damage to the apoptosis machinery [39]. In contrast to
short-term incubation with the inhibitor, after long-time
incubation with the drug, almost no presence of cleaved
PARP was seen, independent of IR. Another tested
marker of apoptosis, cleaved caspase 3, did not show any
changes in response to the inhibitor and/or IR (Add-
itional file 1: Fig. S7).

Because the PI3K pathway is a major pathway regulat-
ing autophagy [40], we also studied the possible role of
cytoprotective autophagy in the development of radi-
ation resistance in PI-103-treated MO59]J cells (Fig. 1).
To this end, we detected the autophagosomal
membrane-bound LC3B protein along with the expres-
sion of the p62/sequestome protein, a pleiotropic protein
that is consumed during autophagy [41]. Interestingly,
we found that PI-103 added for 3 h strongly induced au-
tophagy, as evident from the increased levels of LC3B-II
protein in both cell lines (Fig. 7). However, prolonged
incubation with PI-103 increased autophagy only in
MO59]J cells. These findings agree well with the results
of Fan et al. (2010) who found that dual inhibition of
PI3K and mTOR promotes survival of glioma cells by in-
ducing cytoprotective autophagy [42]. Furthermore, the
enhanced autophagy in PI-103-treated (24h) MO59]
samples, indicated by LC3B-II expression, was also cor-
roborated by the strong reduction of p62, another
marker of autophagy (Fig. 7) in MO59] cells treated with
PI-103. In contrast, the reduction of p62 in MO59K cells
treated with PI-103 (24h post-IR) was not correlated
with the LC3B-II marker. The highest extent of autoph-
agy assessed by p62 expression was observed in samples
treated with PI-103 alone. To sum up, a 24-h treatment
with PI-103 induced autophagy in MOS59J cells as evi-
denced by both markers. In contrast, the respective sam-
ples of MO59K cells showed increased autophagy only
in case of p62 marker. It is worth to be mentioned, how-
ever, that the measurement of p62 expression strictly as
a marker of autophagic flux is still controversial and can
be misinterpreted mainly because this protein is subject
to complex regulation at both the transcriptional and
post-translational levels [43]. Similarly, the increase of
the LC3B-II marker can be interpreted as an inhibition
of autophagic flux.
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The experiments were repeated at least three times. For details, see legend to Fig. 2

Effects of PI-103 and irradiation on the cell-cycle
progression

Besides apoptosis, the most prominent consequence of
p53 activation is cell-cycle arrest [44]. We found that the
long-term treatment with PI-103 caused a reduction of S
phase and an accumulation of cells in G1 phase (70%) in
non-irradiated MO59K cells, whereas irradiated and PI-
103-treated MO59K cells showed a strong G2-arrest
(45-55%) and a reduction of Gl-fraction (Fig. 8a). Un-
like MO59K cells, drug-free MO59] cells showed strong
G2-arrest (~80-90%) 24h after irradiation (Fig. 8b).
Interestingly, addition of PI-103 significantly reduced
G2-arrest in irradiated MO59]J cells and increased the
fractions of G1- and S-phase cells, which is indicative of
the partial abolishment of cell-cycle arrest. From the cell
cycle measurements we extracted the data on the subG1
fraction in the samples (Fig. 8c). As seen in Fig. 8C, pro-
longed incubation with PI-103 in non-irradiated and ir-
radiated MO59] cells reduced the subG1 fraction in

these samples. This finding corroborates the increased
radiation survival of PI-103-treated MO59] (Fig. 1).

Discussion

In this study, we tested the effects of targeting the PI3K
pathway using the triple DNA-PK/PI3K/mTOR inhibitor
PI-103 in combination with IR to induce radiosensitiza-
tion in two GBM cell lines differing in DNA-PK function
[29]. The SF2 values obtained here (Fig. 1 and Add-
itional file 1: Table S1) revealed that MO59] cells were
~4 times more sensitive to IR as compared to MO59K
cells, which is in qualitative agreement with the radio-
sensitivity data for these cell lines reported elsewhere
[29]. Unexpectedly we found that the DNA-PK/PI3K/
mTOR-inhibitor PI-103 affected radiosensitivity in a cell
line-dependent manner, i.e. it acted as a radiosensitizer
in MO59K cells, but it induced radiation resistance in
MO59]J cells (Fig. 1). The index of drug-IR combination
for clonogenic MO59K cell viability was determined to
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(See figure on previous page.)

Fig. 8 Cell cycle-phase distribution in MO59K (a) and MO59)J (b) tumor cells treated for 3 h with PI-103 and irradiated with 8 Gy. Thirty minutes
and 24 h after IR cells were fixed, permeabilized, stained with Pl, and analyzed for DNA content by flow cytometry. Part ¢ shows normalized
fractions of cells with hypodiploid DNA content and cellular debris (subG1 fraction) in drug-treated and irradiated GBM cell lines measured flow-
cytometrically. The percentage of subG1 fraction in non-irradiated control cell samples was set to unity. Data are presented as means (+ SE) of at

least three independent experiments

be lower than 0.7 thus giving a synergism of radiation
and PI-103 treatments (Additional file 1: Fig. S6). This
drug-IR synergism in MO59K cells indicates a radiosen-
sitizing effect of PI-103. The effect of PI-103 was found
to be independent of extracellular matrix (Additional file
1: Fig. S7). In addition, we studied the expression of sev-
eral marker proteins involved in cell adhesion, such as
FAK, p-FAK (Ser910), ILK1, RhoA, cdc42 and Rac1/2/3
proteins (Additional file 1: Fig. S8). As seen in Fig. S8,
the background expression levels of the analyzed pro-
teins were very similar in both cell lines, and neither ra-
diation nor PI-103 significantly affected the expression
of the tested proteins.

Figure 9 outlines our key findings. At the time of IR,
both cell lines treated with PI-103 were strongly de-
pleted of p-Akt. Surprisingly, long-term (24-h) incuba-
tion with PI-103 led to the re-activation of p-Akt in
MOS59K cells (Fig. 2, LHS). Activated Akt is widely rec-
ognized as the major mediator of cell survival, which in-
hibits apoptosis through several mechanisms [45], e.g.
preserving mitochondrial integrity, phosphorylation and
inactivation of pro-apoptotic BAD (Bcl-2-antagonist of
cell death) and caspase 9 etc. [46]. BAD maintains Bcl-2
(B-cell lymphoma 2) and Bcl-xL function thereby inhi-
biting apoptosis mainly at the mitochondrial level by
suppressing cytochrome c release [47]. However, despite
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re-activation of Akt and p-mTOR, the clonogenic sur-
vival data (Fig. 1) showed that PI-103 decreased radi-
ation survival of MO59K cells. In contrast, radiation
survival of PI-103-treated MO59]J cells was unexpectedly
increased, although in these samples the p-Akt protein
was reactivated to a much lesser extent (Fig. 2, RHS)
than that of MO59K cells. The same samples of MO59]
cells showed strong up-regulation of p-Erk1/2 (Add-
itional file 1: Fig. S6, LHS) which could explain, at least
partly, the radioresistance of PI-103-treated MO59] cells.

A further factor of chemically or radiation-induced cell
resistance or death is the induction and repair of DNA
DSBs, probed in this study by counting of yH2AX and
53BP1 foci (Figs. 3a-d). yH2AX and 53BP1 foci counting
revealed some differences in the foci induction rate be-
tween the two cell lines. Yet, the initial radiation-
induced foci amounts were very similar, which is in line
with the finding of Stiff et al. (2004) [30]. However, if
the YH2AX foci counts (Fig. 3) were corrected for the
cell line-specific chromosome content [16], MO59] cells
would display a lower YH2AX foci-to-chromatin ratio
than MO59K cells.

We found a strong difference in the kinetics of yH2AX
and 53BP1 induction and disappearance between irradi-
ated controls of both cell lines (Fig. 3c and d). Particu-
larly, MOS59] cells displayed a slower induction of
YH2AX foci (Fig. 3d) as compared to MO59K cells (Fig.
3c), which is in accordance with the lack of NHE] in
MOS59] cells and their high radiation sensitivity [16].
However, after treating MO59K cells with PI-103 the
YH2AX and 53BP1 disappearance was delayed (Fig. 3c),
which could explain the increased radiation toxicity as
compared to control MO59K samples (Fig. 1a). Despite
the strong induction of yH2AX and 53BP1 foci in irradi-
ated and drug-treated MO59J cells (Fig. 3d), the residual
number of foci was almost the same as that in drug-free
irradiated MO59J cells and in MO59K cells treated with
PI-103. Accordingly, Wang et al. (1997) found no
marked difference in the unwinding/rewinding of DNA
supercoils, radiation-induced changes in nucleoid halo
size or the kinetics of nucleoid halo lysis between these
two cell lines [48]. Likewise, an efficient rejoining of
DNA DSBs has been observed in vitro in extracts of
MO59J cells, despite the lack of DNA-PK activity in this
strain [49].

Given that H2AX is phosphorylated to YyH2AX, among
other factors, by DNA-PK and ATM [30], and exactly
these two proteins are either completely absent (DNA-
PK) or reduced (ATM) in MO59J cells, it is conceivable
that DNA damage assessment based on YH2AX detec-
tion underestimates the actual degree of DNA damage,
at least in MO59J cells. This line of reasoning is sup-
ported by our preliminary tests, which revealed strong
difference in chromatin compactness between the two
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tested cell lines (Additional file 1: Figs. S1-S4). Another
reason may be a partial enhancement of the HR pathway
in PI-103 treated MO59] cells as compared to control
(Fig. 5). In addition, as suggested by Virsik-Képp and
co-workers (2003), the elimination of DNA-PK-
dependent NHE] can recruit a slow, error-prone repair
process, which is DNA-PK independent [16].

Another possible reason for the opposite effects of PI-
103 on the radiation survival of the two tested cell lines
might be a difference in their proneness to PI-103-
induced apoptosis. The DNA repair protein DNA-PKcs
and the signal transducer ATM are both known to be
activated by DNA DSBs [37]. Both DNA-PK and ATM
redundantly phosphorylate similar substrates, e.g. both
are required for normal levels of p53 phosphorylation
and p53-dependent apoptosis [37]. Indeed, our experi-
ments revealed a diminished expression level of p53 and
lack of p-p53 in MO59J cells (Fig. 6). Accordingly, we
found higher expression of the apoptosis marker cleaved
PARP in MO59K cells treated with PI-103 (30 min post-
IR) compared to respective samples of MO59] cells
(Additional file 1: Fig. S7).

Although DNA-PK is an important DNA repair pro-
tein, it can also influence gene expression by phosphor-
ylation of various transcription factors including Fos,
Jun, myc, and p53, which are known to regulate either
cell death or cell growth [50]. There are conflicting data
on the role of DNA-PK in regulation of cell death. Thus,
DNA-PK has been reported to protect cells from death
via a caspase-independent [51] or p53-independent [52]
pathway. On the other hand, DNA-PK can promote cell
death by interacting with telomeres, forming a complex
with p53, and phosphorylating MDM2 to render it un-
able to inhibit p53 transactivation [53].

Our findings clearly indicate a cell death-promoting
role of DNA-PK. Thus, MO59K cells containing intact
DNA-PK were more sensitive to combined PI-103 and
IR treatment (Fig. 1) than to IR alone, whereas MO59]
cells lacking DNA-PK were more resistant to the com-
bined PI-103-IR treatment than to IR alone. The reasons
for these divergent findings might involve a variety of
factors.

As known, the most prominent outcomes of p53 acti-
vation are apoptosis and cell-cycle arrest [44]. We found
that the expression of pro-apoptotic Bax was much
higher in MO59K cells than in MO59J cells, especially
after addition of PI-103 (Fig. 6). Given that Bax is related
to p53, this finding is in line with the pro-apoptotic
function of p53 and its different expression levels in
both cell lines (Fig. 6). Moreover, our results are consist-
ent with the p53-regulating function of DNA-PK [50]. It
is well known that p53 is able to up-regulate Bax in var-
iety of cell types including glioma [54]. Therefore, it is
reasonable to assume that the decreased expression of
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the pro-apoptotic protein Bax in MO59] cells may be
due to reduced level of p53, which is known to result
from deficiency of DNA-PK [55]. Another consequence
of the diminished expression of p53 and the absence of
the activated form of p53 (p-p53) in MO59] cells is a
strong alteration of the cell cycle, i.e. the majority (~
80%) of irradiated drug-free MO59J cells were arrested
in G2-phase. However, IR treatment in the presence of
PI-103 resulted in a partial cell-cycle progression of
MOS59J cells, as evidenced by reduction of the G2 frac-
tion and doubling of the S-phase fraction. This might be
another reason for the increased radiation survival of
MOS59] cells treated with PI-103 as compared to the
drug-free irradiated controls.

In accordance with our findings, the pro-cell death
role of DNA-PK in human glioblastoma was demon-
strated by Chakravarty et al. (1999) who showed that ac-
tivation of DNA-PK by staurosporine, ceramide or UV
radiation increases apoptosis in human neuroblastoma
cells [56]. Likewise, Chen et al. (2005) found that
MOS59K cells were much more sensitive to staurosporine
treatment than MO59] cells [50], which corroborates
our results on the sensitivity of MO59] cells to com-
bined PI-103-IR treatment.

An additional reason for the opposing effect of PI-103
on the radiation sensitivity of the tested GBM cell lines
could be protective autophagy. As known, PI3K signaling
is a major pathway regulating autophagy [40]. Indeed,
we found an increased autophagy indicated by LC3B-II
and p62 markers in irradiated PI-103-treated MO59]
cells (Fig. 7).

Conclusions

To sum up, our data demonstrate an enhanced radiosen-
sitivity in MO59K tumor cells pretreated with the triple
DNA-PK/PI3BK/mTOR inhibitor PI-103 added shortly
before IR. In contrast, the same treatment caused radio-
resistance in MO59J cells, which lack one of the target
proteins for PI-103, i.e. DNA-PK. However, the lack of
the NHE] pathway in DNA-PK deficient MO59] cells
might have been partially compensated by a slow, DNA-
PK independent and yet unexplored DNA repair path-
way. Another explanation for the radioresistance of PI-
103-treated MO59J cells might be their DNA-PK defi-
ciency, leading to diminished expression and activation
of the DNA-PK substrate p53. PI-103 treatment further
reduced p53 expression in MO59J cells, resulting in a re-
sistance to apoptosis. In contrast, intact DNA-PK in
MO59K cells treated with PI-103 activated p53 and re-
lated pro-apoptotic proteins. Moreover, the massive G2
arrest in irradiated MO59] cells was partially abolished
by PI-103, thus allowing cell-cycle progression of a sig-
nificant portion of cells. Unlike in MO59]J cells, the G2
fraction in irradiated and PI-103-treated MO59K cells
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was increased. Furthermore, DNA damage assessed by
YH2AX expression in Western blot showed a strong dif-
ference between the two cell lines. Thus, irradiation in
the presence of PI-103 caused a much stronger induc-
tion of YH2AX in MO59K cells than in MO59] cells. In
conclusion, to further elucidate the mechanisms of
radiosensitization in DNA-PK- and ATM-deficient
tumor cells, studies on an extended panel of cell lines in-
cluding genetically manipulated cell lines with PTEN- or
p53-knockout, regarding the cell type-specific activation
of p53, cell-cycle arrest, apoptosis and DNA repair will
be the subject of future research in our laboratory.
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Additional file 1: Supplemental Materials. The primary and
secondary antibodies used in this paper. Supplemental Methods.:
Comet assay and staining for HDAC5 and DAPI. In order to characterize
the tested cell lines, preliminary experiments were carried out via Comet
assay. The Comet assay was performed under alkaline conditions
following a protocol reported elsewhere [19]. Just before irradiation, cells
were embedded in a thin layer of agarose spread on glass microscope
slides. The slides were placed on ice, subjected to irradiation and
transferred immediately either into ice-cold lysis buffer or in CGM for the
indicated times. DNA fragmentation was quantified from the “Tail Mo-
ment” (TM, given in arbitrary units, a.u.) defined as the product of the per-
centage of DNA in the comet tail and the tail length. Supplementary Fig.
S1 shows the induction and repair of DNA damage measured by the
Comet assay in the cells of both cell lines immediately and up to 40 min
after irradiation with 5 Gy. As seen in Supplementary Fig. S1, the initial
TM was higher in MO59J cells, however, the residual DNA damage was
similar in both cell lines, as were the kinetics of DNA damage disappear-
ance. Supplementary Fig. S2 shows the distribution of TM in both cell
lines measured immediately after IR. As seen in Supplementary Fig. S2,
the histogram of TM values in intrinsically radiosensitive MO59J line was
shifted towards higher DNA damage. It is worth mentioning that DNA
damage measured by the alkaline Comet assay includes single-strand
breaks and alkali-labile sites and base exchanges. Another preliminary test
to characterize intrinsically radioresistant MO59K and radiosensitive
MO59J cell lines was staining for HDAC5 protein and subsequent HDAC5
foci counting (Supplementary Fig. S3). To this end, cells were cultured on
microscope glass slides for at least 24 h and stained with anti-HDAC5
(1:200) primary antibodies essentially as described elsewhere [57] with
the exception of primary antibodies. For each experiment or cell line, at
least 100 nuclei were examined and HDACS foci were scored by eye at a
magnification of 1000x. Probes were then quantified by counting the
number of foci per nucleus. As seen in Supplementary Fig. S3, HDAC5
foci were much more expressed in radioresistant MO59K cell line. Simul-
taneously slides were counterstained with DAPI (Supplementary Fig. S4).
Fig. S1. DNA damage (Tail Moment, TM) induction and repair measured
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by the comet assay in human GBM cell lines irradiated with 5 Gy of X-
rays in vitro. Immediately after irradiation, the samples were placed at
37°Cin a 5% CO, incubator. At the indicated time intervals after X-ray ex-
posure, the cells were lysed and subjected to the alkaline comet assay.
Up to 75 cells were analyzed for each slide. Each point (bar) represents
the mean value (+ SE) of TM for the respective time point. The curves are
best least-square fits of exponential decay function to the datapoints.
Fig. S2. DNA damage (Tail Moment) induction measured by the comet
assay in human GBM cell lines MO59K and MO59)J irradiated with 5 Gy of
X-rays in vitro. The cells taken at the indicated time (2 min) after X-ray ex-
posure were lysed and subjected to the alkaline Comet assay. Up to 75
cells were analyzed for each slide. The curves are best least-square fits of
normal distribution to the datapoints. Fig. $3. Representative histograms
depicting the HDACS5 focus formation in control non-irradiated MO59K
and MO59J cells. Cells were analyzed for HDACS focus formation 24 h
after seeding. About 100 nuclei were counted per each cell line and ex-
periment (n = 3). Fig. S4. Representative histograms depicting the mean
DAPI fluorescence intensity per nucleus in control non-irradiated MO59K
and MO59J cells. Cells were cultured on the slides and 24 h after seeding
stained with DAPI. Fluorescence intensity was quantitated with the Ima-
geJ program in about 100 nuclei counted per each cell line and experi-
ment (n = 3). Fig. S5. Cellular viability measured by an ATP test. Changes
of intracellular ATP in 2 tumor cell lines exposed to serial dilutions of PI-
103 for 24 h. ATP content was measured by standard luciferase biolumin-
escence assay. Quadruplicate data derived from at least three independ-
ent experiments were averaged, normalized against non-treated controls
(DMSO) and analyzed using the standard four-parameter logistic model
to generate dose-response curves. Error bars indicate SD values. Fig. S6.
Effects of radiation, PI-103 or combined PI-103-radiation treatments on
colony-forming ability of MO59K cells. One thousand MO59K cells were
plated on Petri dishes for 16 h, treated with radiation (A: 2, 3, and 5 Gy),
or with PI-103 (B: 0.5 uM, T uM, and 2 pM) or a combination of radiation
(C: 3Gy) and PI-103 (0.5 uM, 1 uM and 2 uM)) added 3 h before irradiation.
Twenty four hours post-irradiation the inhibitor was washed out and the
cultures were incubated in fresh CGM for the next 12 days, fixed and
stained with crystal violet. The numbers of colonies were counted and
averaged from three independent experiments. Combination index was
determined according Malyarenko et al. (2020) and Chou (2010) and
found to be at tested concentrations of PI-103 and radiation dose of 3
Gy < 0.7. Therefore, the combined effect of radiation and PI-103 was syn-
ergistic [23, 24]. Fig. S7. Comparison of substrate-dependent clonogenic
cell survival. MO59K (A) and MO59)J (B) cells were plated either on poly-
styrene (control, uncoated), fibronectin (FN) or BSA coated Petri dishes,
exposed to DMSO (control) or PI-103 and/or irradiated, and the clono-
genic survival was determined as shown in Fig. 1d, e. Fig. S8. Represen-
tative Western blot analysis of expression levels of several adhesion-
associated proteins in MO59K and MO59J tumor cells treated with DMSO
(control) or PI-103 for 3 h prior to IR with 8 Gy and detected 30 min and
24 h thereafter. B-actin was used as loading control. The experiment was
repeated at least three times. For details, see legend to Fig. 2. Fig. S9.
Representative Western blot analysis of expression levels of several
marker proteins of MAPK-pathway in MO59K and MO59J tumor cells
treated with DMSO (control) or PI-103 for 3 h prior to IR with 8 Gy and
detected 30 min and 24 h thereafter. The experiment was repeated at
least three times. For details, see legend to Fig. 2. Fig. S10. Western blot
analysis of PARP and cleaved PARP proteins in MO59K and MO59J tumor
cells treated with DMSO (control) or PI-103 for 3 h prior to IR with 8 Gy
and detected 30 min and 24 h thereafter. 3-actin was used as loading
control. The experiment was repeated at least three times. For details, see
legend to Fig. 2. Fig. S11. Normalized expression of marker proteins (p-
Akt, p-4E-BP1, p-S6, LC3B I/l and SQSTM1/p62) in MO59K and MO59)J
cells treated with DMSO (control) or PI-103 for 3 h prior to IR with 8 Gy
and detected 30 min and 24 h thereafter. The experiments were repeated
at least three times, mean values + SE are shown. Differences between
PI-103 and/or IR treatment were statistically analyzed using Student's t-
test. The mean value of protein content in control non-irradiated sample
was set to 1. For details, see legend to Fig. 2. Table S1. Cloning efficien-
cies and radiosensitivity parameters® of in vitro irradiated tumor cell lines
untreated and pretreated (3 h) prior to IR with the PI-103 and re-plated
24 h post-IR. *Mean (+ SE) from at least three independent experiments;

BSF2 is the colony-forming ability at 2 Gy; “Dy is the radiation dose re-
quired to reduce colony-forming ability by 10%; “The growth inhibition
factor IF; was calculated as (Do control)/(Dyq + inh.); "means statistical
significance of the differences at P < 0.05.

Additional file 2: Supplementary Fig. S12. Uncropped representative
Western blots for Figs. 2-6, and Supplementary Figs. S8-510. The figures
show original blots, in some cases the same membrane was used to sim-
ultaneously detect different proteins (after cutting) which strongly devi-
ated in molecular weight. All original blots for 3-actin used as loading
control for the respective runs are also included.
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