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ABSTRACT

Cancer cells often accumulate spontaneous and treatment-induced DNA damage
i.e. potentially lethal DNA double strand breaks (DSBs). Targeting DSB repair
mechanisms with specific inhibitors could potentially sensitize cancer cells to the
toxic effect of DSBs. Current treatment for glioblastoma includes tumor resection
followed by radiotherapy and/or temozolomide (TMZ) - an alkylating agent inducing
DNA damage. We hypothesize that combination of PARP inhibitor (PARPi) with TMZ
in glioblastoma cells displaying downregulation of DSB repair genes could trigger
synthetic lethality. In our study, we observed that PARP inhibitor (BMN673) was
able to specifically sensitize DNA ligase 4 (LIG4)-deprived glioblastoma cells to TMZ
while normal astrocytes were not affected. LIG4 downregulation resulting in low
effectiveness of DNA-PK-mediated non-homologous end-joining (D-NHEJ), which
in combination with BMN673 and TMZ resulted in accumulation of lethal DSBs and
specific eradication of glioblastoma cells. Restoration of the LIG4 expression caused
loss of sensitivity to BMN673+TMZ. In conclusion, PARP inhibitor combined with
DNA damage inducing agents can be utilized in patients with glioblastoma displaying
defects in D-NHEJ.

INTRODUCTION (median of 14.6 months) [2]. Currently, treatment bases
on surgical resection if feasible, followed by radiotherapy

Glioblastoma (grade IV in WHO Classification of and/or oral chemotherapy with temozolomide (TMZ)
Tumors of the Central Nervous System) [1] is the most — alkylating agent inducing toxic DNA lesions like O6-
frequent primary brain tumor with very poor survival rate methylguanine, N7-methylguanine or N3-methylalanine.
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These, become highly lethal for cancer cells when DNA
repair systems are disrupted [3, 4].

One of the hallmarks of the cancerous cells is
genomic instability responsible for accumulation of
further genome rearrangements and tumor progression
[5]. Development of such abnormalities in primary DNA
repair systems results in activation of compensatory DNA
repair mechanism, ipso facto, inducing cell “addiction”
to the changes it carries. It has been suggested that
cancer-specific abnormalities in the functioning of DNA
repair systems and pathway redirection events might be
responsible for the resistance and survival of cancer cells
after exposure to genotoxic stress [6].

DNA double-strand breaks (DSBs) are the most
toxic among DNA lesions and can be responsible for
genome rearrangements leading to genomic instability,
neoplastic transformation and cell death [7]. DSBs can
arise due to the exposure to ionizing radiation (IR),
reactive oxygen species (ROS) or genotoxic drugs [8].
Two mechanisms predominantly responsible for repair
of DSBs in proliferating cells are BRCA1/2-mediated
homologous recombination (HR) and DNA-PK-mediated
non-homologous end-joining (D-NHEJ). When proper
functioning of one of these pathways is compromised, cells
redirect functions to an alternative mechanism — PARP1-
dependant backup NHEJ (B-NHEJ) [9-11]. PARP1 is a
protein playing a critical role in other processes decreasing
the number of lethal DSBs - by activation of base excision
repair (BER), single strand break (SSB) repair or HR
activation at stalled replication forks [12—-13]. PARP
inhibitors are currently used in synthetic lethality-based
personalized therapy in patients with breast and ovarian
cancer deficient in BRCA1/2-mediated HR [14-15]. We
hypothesized that deficiencies in DSB repair pathways
could sensitize glioblastoma cells to PARP inhibitor
(PARPi) BMNG673 especially when combined with DSB-
inducing drug temozolomide [16—18].

RESULTS

Expression of genes involved in DSB repair in
normal human astrocytes and glioblastoma cells

In order to utilize personalized synthetic lethality
approach we determined the expression profile for 3
patient-derived glioblastoma primary cell lines and
compared it to the profile of normal human astrocytes
(NHA). The subject of our interest were 15 genes
involved in DSB repair pathways (BRCAI1, BRCA2,
PALB2, RADS51B, RAD51C, RADS1D, XRCC2, XRCC3,
RADS?2 taking part in HR; LIG4, DNA-PKcs, XRCCS5,
XRCC6 in D-NHEJ; and PARP1, LIG3 in B-NHE)).
Significant changes in the mRNA expression profile of
LIG4 was found between glioblastoma cell lines and NHA
(Figure 1A). Decreased level of LIG4 at the protein level
was then confirmed by Western blot in cancer cell lines in

comparison to normal astrocytes (Figure 1B). For further
experiments H6 and H7 primary cell lines were chosen
due to abundant downregulation of LIG4.

Patient-derived glioblastoma cell lines carry
tumor-unique molecular markers

Loss of heterozygosity (LOH) in chromosome loci
10q, 10p and 22q were reported to be one of the most
commonly occurring abnormalities during astrocytoma
progression [19-20]. Therefore, we analyzed LOH
in these locations in order to confirm the presence of
glioblastoma cells in tumor samples and established
primary cell lines H6 and H7. LOH was examined in two
resected primary tumors and two corresponding primary
cell lines in comparison to blood samples. LOH in 10q
locus were detected in all neoplastic samples (Figure 2)
whereas no aberrations were noted in 10p and 22q locus.
The presence of the wild-type DNA in the tumor samples
have been observed, which may refer to the heterogeneity
of cell population in the tumor bulk. Nonetheless
control vs corresponding tumor peak height ratio was
lower than 50%, whereas in cell lines was more than
65-70%, strongly suggesting that 10q aberration has been
propagated in cell culture condition.

Response of patient-derived glioblastoma cells
and normal astrocytes to PARP1 inhibitor used
alone and in combination with alkylating agent

To analyze the potential anti-glioblastoma effect
of PARP inhibitor (BMN673) used either alone or
in combination with alkylating agent (TMZ), double
staining with propidium iodide (PI) and annexin V was
used. Annexin V staining in conjunction with vital dye
(PI) distinguishes viable cells from dead, and also early
apoptotic cells from necrotic cells. When compared
to individual agents, the combination of BMN673 +
TMZ exerted significantly stronger anti H6 and H7
glioblastomas effect with only minimal toxicity to
normal astrocytes (Figure 3A). The flow cytometry
result indicates also that post-treatment cell death occurs
majorly via apoptosis as cells were getting accumulated
in Q4 quadrant (Annexin V*, PI') and then shifting to
Q2 quadrant (Annexin V*, PI*) what would characterize
slow externalization of phosphatidylserine and prolonged
annexin V binding which is typical for apoptosis
(Figure 3B) (Supplementary Figure 1). The results were
also confirmed with trypan blue staining (Supplementary
Figure 2).

Morphological changes induced by BMN673 +/-
TMZ were assessed by Calcein AM/PI double staining
(Figure 3C). Cells treated with the inhibitors showed the
characteristic hallmarks of cellular homeostasis disorders
(cellular membrane damage, cell shrinkage and their
fragmentation). These morphology changes were much
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more noticeable in cancer than in normal cells. These
alterations of cellular morphology were in agreement
with the increasing number of dead cells stained with PI
especially in samples treated with BMN673 + TMZ.

The impact of BMN673 + TMZ on cell cycle phase
distribution of glioblastoma cells and normal human
astrocytes was analyzed by flow cytometry (Figure 4). The
effect of drugs was visible in H6 and H7 glioblastomas as
elevation of SubG1 and S phase populations but a picture
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typical for G2/M arrest was not detected. Interestingly,
drug-induced changes in cell cycle phases for NHA cells
were slight to none.

Clonogenic assay was used to test the impact of
drugs on colony formation ability of cancer cells. When
used alone, only TMZ had a significant influence on long-
term clonogenic efficiency whereas BMN673 + TMZ were
able to almost completely abrogate clonogenic ability of
LIG4-deficient glioblastoma cells (Figure 5).
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Figure 1: Expression profiles of genes involved in HR, D-NHEJ and B-NHEJ repair systems in glioblastoma cells vs
normal human astrocytes. (A) mRNA expression level of 15 indicated genes in primary human glioblastoma cell lines (H3, H6 and
H7) was normalized to the expression of reference gene — 18S rRNA. Data are presented as a fold change in reference to normal human
astrocytes (NHA). Results represent mean value + SD from 3 independent experiments each performed in triplicates. (B) Protein expression
level presented as fold change in comparison to NHA where expression was set as 1. The expression level was normalized to the reference
protein, GAPDH. Mean + SD was calculated form 3 independent experiments. Representative Western protein expression analysis of LIG4

and GAPDH (loading control) is shown.
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Combination of BMN673 and TMZ induces
accumulation of toxic DSBs in patient-derived
glioblastoma cells

Phosphorylation of serine 139 on histone 2A.X
(YH2A.X) can be used as a marker of DSBs [21]. TMZ
treatment increased YH2A.X immunofluorescence in H7
primary cell line (Figure 6A). This effect was remarkably
enhanced in both H6 and H7 cell lines when BMN673 and
TMZ were used in combination. In NHA cells the level
of YH2A.X positive cells stayed at relatively low level
regardless from the treatment used.

Neutral comet assay was also employed to detect
DSBs after treatment with BMN673 and/or TMZ. After
treatment with individual drugs only TMZ enhanced the
percentage of DNA in tails of H7 cells in comparison
to NHA cells (Figure 6B). Combination of BMN673
and TMZ caused significant increase of DSBs in both
glioblastoma cell lines.

Rescue of LIG4 expression caused resistance to
BMNG673 + TMZ treatment

To determine the role of reduced expression of LIG4
in sensitivity of glioblastoma cells to BMN673+TMZ, H7
cells were transfected with the plasmid carrying LIG4 cDNA
followed by treatment with the drugs. Elevated expression of
LIG4 resulted in resistance of H7 glioblastoma primary cell
line to BMN673 + TMZ (Figure 7).

DISCUSSION

Due to the growing knowledge of genetic and
epigenetic changes in tumors the concept of synthetic

PBMC
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lethality became lately one of the main areas of searching
for new therapy candidates. The phenomenon occurs
when simultaneous loss of two genes causes cell death
whereas loss of each of these genes individually is not
lethal [11]. For instance, BRCA1/2 deficient tumors with
impaired homologous recombination repair were reported
to be sensitive to PARP inhibition [16—-17]. PARPi could
be used in combination with the agents inducing DNA
damage like doxorubicin, radiation or alkylating drugs
[22]. Therefore, we postulated that combination of PARPi
may significantly improve the therapeutic outcome of
currently used TMZ-based therapy and specifically
eradicate glioblastoma cells with disrupted DSB repairing
pathways.

LIG4 is a crucial element of D-NHEJ pathway and
its low level might result in ineffective functioning of this
repair system. Downregulation in LIG4 was previously
described in patient-derived high-risk neuroblastomas and
correlated with higher stage of disease and lower survival
probability [23]. Analysis of available mRNA gene
expression databases revealed cohorts of glioblastomas
displaying lower expression of LIG4. Mechanisms
responsible for reduced expression of LIG4 are not
known, but our recent report suggested that inefficient
JAK2-STATS and/or PI3K-AKT pathways may play a
role [24].

To examine the potential therapeutic aspect we
generated primary glioblastoma cells with downregulated
LIG4 when compared to normal human astrocytes.
PARPi BMN673 in combination with alkylating agent
TMZ was effective against patient-derived glioblastoma
cells displaying downregulation of LIG4 but not against
normal human astrocytes. Downregulation of LIG4 in
glioblastoma cells was directly responsible for enhanced
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Figure 2: Loss of heterozygosity (LOH) examined in two primary tumor samples and established primary cell lines H6
and H7 in comparison to normal corresponding blood samples. LOH in 10q locus was been observed in all neoplastic samples.
As expected, tumor tissue expressed lower level of LOH due to the presence of both normal and cancer cells.
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sensitivity to BNM673 as restoration of LIG4 expression
resulted in resistance to the treatment.

We postulate that D-NHEJ deficiency resulting
from downregulation of LIG4 could be synthetically
lethal with B-NHEJ deficiency induced by PARPi in
glioblastoma cells exposed to TMZ-induced DNA
damage. In concordance, we demonstrated that LIG4
deficient melanoma cells were highly sensitive to the
combination of an alkylating agent dacarbazine and PARPi
[18]. Morevoer, HCT116 Lig4-/- cells were sensitive to the
combination of PARPi with radiotherapy [25].

Although downregulation/mutation of LIG4 (and
its partner XRCC4) was detected only in approximately
4% of glioblastomas in The Cancer Genome Atlas
(TCGA) database [26] inhibition/inactivating mutation
of other members of D-NHEJ potentially impairing DSB

H6

repair activity were present in up to 20% of the cases.
Moreover, transcriptome analysis by microarrays detected
downregulation of at least one member of D-NHEJ pathway
(including LIG4) in 191 glioblastomas manifesting the
proneural, proliferative, proliferative-mesenchymal and
mesenchymal phenotypes (Figure 8A) [27]. In addition,
multiple glioblastoma samples displayed downregulation of
at least one gene in HR pathway (Figure 8B) suggesting their
sensitivity to synthetic lethality triggered by PARPi [28].

In summary, this study implicates potential
therapeutic effect of PARPi used in combination with
DNA-damaging agents in D-NHEJ-deprived glioblastoma
cells. Therefore patient pre-selection based on expression
of DNA repair genes may be applied for personalized
medicine approach to improve the effectiveness of anti-
glioblastoma therapy.

NHA

110 110
100 ® % T 100 = ~
€ ? g
S 90 \I\x %0
S g 80 *
] 1 *
z 70 70
g 60 60
2
3 % 50

40 40

0 20 40 60 80 100 120 140 0 20 0

Incubation time (h)

BMN -®TMZ BMN +TMZ

NHA

35
30
25

20

— %

I 15

P 10
i ;
I ,

Necrosis Late apoptosis
Necrosis

% of cell population

xI II

Early apoptosis

o wn

Early apoptosis

Control ® BMN ® TMZ = BMN+TMZ

NHA

O

BMN -=TMZ

60 80

Incubation time (h)

H6

II.I

Necrosis

Control m BMN ® TMZ = BMN+TMZ

H7
110
100 = T
T
90 L $
4 ?
80
* 70 i
60 iy
50 1
40
100 120 140 0 20 40 60 80 100 120 140
Incubation time (h)
BMN +TMZ BMN -=TMZ BMN +TMZ
H7
35
*%k
30
*k
*k 25 e
3
20 *
*
*
15
I 10 I 1
I s ] . 1
° I oy i

Late apoptosis
Necrosis

Early apoptosis Necrosis Late apoptosis

Necrosis
Control ® BMN ® TMZ = BMN+TMZ

Control

BMN+TMZ

H6 H7

Figure 3: BMN673+TMZ anti-glioblastoma effect. H6, H7 and NHA cells were treated with BMN673 (BMN) and/or TMZ. (A)
Viability measured as population of Annexin V/PI negative cells in comparison to vehicle-treated control after 48 h and 120 h. Results
represent mean % + SD of 3 independent experiments, “p < 0.05, *p < 0.001 in comparison with control. (B) Quantitative representation
of flow cytometry results after 120 h of treatment. Results represent mean value + SD from 3 independent repeats, “p < 0.05, “p < 0.001 in
comparison with control. (C) Morphological changes of normal and cancer cells after 120 h of treatment with BMN673 + TMZ or vehicle
(Control). Cells were stained with Calcein AM/ propidium iodide. Note the typical morphological features of cell death: loss of structural
framework of nuclei, condensation of chromatin, cell shrinkage and nuclear fragmentation (observed mostly in higher magnification).
Cells were analyzed under an inverted fluorescence microscope (Olympus IX70), magnification x100 (scale bar = 50 pm) and x400

(scale bar =25 um).
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MATERIALS AND METHODS

In vitro cell culture

Glioblastoma  specimens, histopathologically
classified as clinical stage IV, were obtained from
patients of Department of Neurosurgery, Surgery of
Spine and Peripheral Nerves, Medical University of
Lodz (University Hospital WAM-CSW L6dz) and
Department of Neurosurgery, Medical University of Lodz
(Copernicus Memorial Hospital, £6dz, Poland). Cell
cultures derived from specimens were established in the
Laboratory of Molecular Genetics, University of Lodz
and named H3, H6 and H7. After several washes tissue
fragments were minced with scalpel and cells were filtered
through 70 pM pore size cell strainer. Glioblastoma
cells were cultured in DMEM medium (Lonza, Basel,
Switzerland) supplemented with 10% FBS (Lonza), 100
IU/ml penicillin, 100 pg/ml streptomycin (Lonza) and
gentamycin 50 pg/ml (Lonza) in a humidified atmosphere
containing 5% CO, at 37°C. The normal human astrocytes
NHA (Lonza) were grown in ABM Basal Medium
supplemented with AGM BulletKit (Lonza) and cultured
according to the protocol provided by manufacturer.

Isolation of DNA from tumor, blood and cell
culture samples and loss of heterozygosity
analysis

Loss of heterozygosity (LOH) analysis was
performed using microsatellite markers. The aim of the
experiment was to verify presence of genetic aberrations
specific for glioblastoma cells in suspected cancerous
tissue. The samples were examined for LOH using sets
of DNA samples isolated from tumor bulk specimen
and corresponding cell culture and peripheral blood
samples (PBMC). Isolation and purification of genomic
DNA was performed with Genomic Mini and Blood
Mini isolation kits (A&A Biotechnology) according to
the manufacturer’s protocol. The microsatellite markers
D10S1709 (10q) (F-GTGAGTCCAGAATCACCCC,
R-CAGTGGAAATGGCTCATTTQG), D10S1172

(10p) (F-GGATACTACCAAGAGAGAG, R-
ATCATCTATCTCTACTATCTQG), D22S5283
(22q) (F-ACC AACCAGCATCATCAT, R-

AGCTCGGGACTTTCTGAG) were selected using the
NCBI database [20, 21]. The F primers were 5’-labelled
with Fam fluorochrome (Sigma). Each reaction was
amplified in volume of 25 pl containing 50 ng of
DNA template, dNTP, KAPA Taq DNA Polymerase
(Kapa Biosystems) and forward/reverse primers. PCR
reaction was carried as follows: 95°C 3 min, (95°C 30s,
temperature depending on primer pair 30s, 72°C 45s)
x32, 72°C 4 min. PCR products were visualized with a
16-capillary electrophoresis 3130xl Genetic Analyzer
(Applied Biosystems). The analysis was performed using

Gene mapper 4.1 software and verified manually. Loss of
heterozygosity was judged to be present if the allelic signal
intensity of the tumor sample was reduced by at least 50%
relative to the corresponding allele in the patient’s control
DNA (PBMC).

RNA isolation, reverse transcription and Real-
Time PCR

RNA isolation and purification was performed
using RNA isolation kit (A&A Biotechnology). In the
next step samples were transcribed into cDNA with
SuperScript II Reverse Transcriptase (Invitrogen, Life
Technologies, Carlsbad, California, USA) according to
the manufacturer’s protocol. Real-Time PCR quantitation
was carried out using TagMan Real-Time PCR Master
Mix and TagMan probes (Applied Biosystems, Life
Technologies, Carlsbad, California, USA) detecting genes
which products are involved in DSB repair pathways
(BRCA1, BRCA2, LIG3, LIG4, PALB2, PARP1, PRKDC,
RADS51B, RAD5IC, RADS5ID, XRCC2, XRCC3,
RADS52, XRCC6, XRCC7). 18S rRNA TagMan probe was
included as the reference gene. The parameters for Agilent
Technologies Stratagene Mx300SP instrument were 95°C
for 10 minutes, 30 cycles of 95°C for 15 seconds and 60°C
for 60 seconds.

Protein isolation and western blot analysis

Protein extraction was performed incubating cell
pellet with the mixture of RIPA buffer (Sigma) and
protease inhibitor cocktail (Thermo Scientific, Rockford,
Illinois, USA). After concentration measurement, 30
ng of cell lysates was resolved on 4-20% ExpressPluS
PAGE Gel (GenScript, Piscataway, New Jersey, USA).
The proteins were then transferred onto PVDF Transfer
Membrane (Thermo Scientific, Rockford, Illinois,
USA) using eBlot Protein Transfer device (GenScript,
Piscataway, New Jersey, USA). Membranes were blocked
and blotted overnight with primary antibodies recognizing
LIG4 and GAPDH (Santa Cruz Biotechnology, Dallas,
Texas, USA). Membranes were then washed and incubated
1 h with secondary anti-mouse antibody conjugated with
HRP (Cell Signaling Technology, Danvers, Massachusetts,
USA). The result was visualized using Pierce ECL
Western  Blotting  Substrate  (Thermo  Scientific,
Rockford, Illinois, USA) and BioRad Universal Hood
I with Chemiluminescence System (BioRad, Hercules,
California, USA).

Drug treatment

Normal astrocytes and glioblastoma cells were
plated in a 6-well plate at a density of 2 x 10° viable
cells per well. Cells were cultured with 50 nM BMN673
(Selleckchem), 6.25 pM TMZ (Sigma Aldrich), BMN673
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+ temozolomide or vehicle for 48 h followed by the
second dose of the compounds and another 72 h of
incubation.

Calcein AM/propidium iodide double staining

After the indicated treatments, normal and cancer
cells were incubated for 30 min at 37°C with the mixture
of 2 mM Calcein AM and propidium iodide 1 mM
(Life Technologies, USA) diluted in PBS. Fluorescence
emitted by stained cells was then observed in an inverted
fluorescence microscope (Olympus IX70, Japan).

Flow cytometry

Flow cytometry and staining with propidium iodide
and FITC Annexin V (BD Biosciences) was used to
assess changes in viability and to track the mechanism
of cell death after treatment. Cells were prepared and
analyzed according to the FITC Annexin Apoptosis
Detection Kit II (BD Biosciences). To analyze the
influence of the compounds on glioblastoma and NHA
distribution in cell cycle, cells fixed with 70% cold
ethanol were stained with propidium iodide with addition
of RNase (BD Biosciences) and analyzed. The extent of
DNA DSBs measured by phosphorylation of H2A.X
histone was obtained using Alexa Fluor 647 Mouse
Anti-H2A.X (pS139) antibody (Becton Dickinson, San
Jose, California, USA) after 48 h treatment with the
compounds. Fixed cells were washed resuspended in 20
pul BD Perm/Wash™ buffer and stained for 20 min with
H2A.X antibody (5 pl/test). All the experiments were
performed using a FACS Canto II cytometer (Becton
Dickinson, San Jose, California, USA).

Neutral comet assay

Neutral comet assay was performed according to
the protocol used in the previous research [19] on cells
cultured for 48 h with either drugs or vehicle. Fifty comet
images were randomly selected for each treatment variant
and the percentage of DNA in the tail (% tail DNA) was
measured. The mean value for this parameter was taken as
an index of DSBs in the given sample.

Clonogenic assay

To examine clonogenic activity glioblastoma cells
were first cultured with drugs or vehicle for 48 h followed
by the second dose of the compounds and another
72 h of incubation. After treatment cell viability was
determined by staining with trypan blue and 10° cells
were resuspended in 700 pl of soft agar (DMEM, 0.4%
w/v) and plated over 700 pl of solidified agar underlay
(DMEM, 0,5% agar) on a 12-well plate. After solidifying
cell layer was covered with medium (changed weekly).

After 2-3 weeks colonies were stained with crystal violet
(0.5% w/v) and counted under the microscope. Clonogenic
efficiency was expressed as percent of untreated control
(no. of colonies after treatment vs no. of colonies in
control sample x 100%).

Ectopic expression of LIG4

Glioblastoma H6 cells were transfected with
pCMV6-AC-GFP plasmid containing human LIG4 cDNA
(OriGene Technologies). The method was performed
using Lipofectamine 2000 (Invitrogen, Life Technologies,
Carlsbad, California, USA). GFP-positive cells were
sorted 48 h after transfection.

Microarrays

Microarray data sets were obtained from NCBI GEO
(GSE13041). Gene expression profiling was performed
as described before [29-30]. Microarray was subset for
D-NHEJ genes and HR genes. Z-score cutoffs were set at
1.5 and 2 to detect upregulated and downregulated genes
as described before [18].

Statistical analysis

Data was accessed in three independent experiments
and presented as mean + SD. Results were compared using
two tailed Student ¢ test. P values lower than 0.05 were
considered significant. The synergistic effect of drugs was
studied using response additivity approach.

Study approval

Studies performed on cells derived from surgical
specimens were approved by the Ethical Commission of
the Medical University of Lodz (no. RNN/194/12/KE) and
informed consent was obtained from all patients.

Abbreviations

BER: base excision repair; DSB: DNA double
strand break; HR: homologous recombination; IR: ionizing
radiation; LOH: loss of heterozygosity; NHA: normal human
astrocytes; NHEJ: non-homologous end-joining; PBMC:
peripheral blood mononuclear cells; PI: propidium iodide;
ROS: reactive oxygen species; SD: standard deviation; SSB:
DNA single strand break; TMZ: temozolomide.

Author contributions

M.T. wrote the manuscript, performed cell culturing,
LOH sample preparation, drug treatment, RT-PCR,
Western blot, flow cytometry, clonogenic assay, ectopic
expression of LIG4, analyzed data; M.W-P. performed
cell culturing and neutral comet assay; M.S. performed

www.oncotarget.com

36875

Oncotarget



calcein/propidium iodide double staining; R.S. analyzed
LOH results; J.S. performed RT-PCR, analyzed data;
M.D. performed cell culturing, DNA and RNA isolation;
M.N-S. analyzed data; M.R, P.K. provided with surgical
specimens; K.M-W. performed microarray analysis;
T.Sk., T.SI. conceived the project, designed experiments,
analyzed data, and wrote the manuscript.

CONFLICTS OF INTEREST

There is no conflicts of interest.

FUNDING

This study was supported by the grants from the
Polish National Science Centre (no. UMO-2012/07/B/
NZ7/04245 and 2016/22/M/NZ7/00375) (T.Sliwinski) and
NIH R0O1 CA186238 (T. Skorski).

REFERENCES

1. Louis DN, Perry A, Reifenberger G, von Deimling A,
Figarella-Branger D, Cavenee WK, Ohgaki H, Wiestler
OD, Kleihues P, Ellison DW. The 2016 World Health
Organization Classification of Tumors of the Central
Nervous System: a summary. Acta Neuropathol. 2016;
131:803-20.

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn
U, Curschmann J, Janzer RC, Ludwin SK, et al, European
Organisation for Research and Treatment of Cancer Brain
Tumor and Radiotherapy Groups; National Cancer Institute
of Canada Clinical Trials Group. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma.
N Engl J Med. 2005; 352:987-96.

3. Alifieris C, Trafalis DT. Glioblastoma multiforme:
Pathogenesis and treatment. Pharmacol Ther. 2015;
152:63-82.

4. Zhang J, Stevens MF, Bradshaw TD. Temozolomide:
mechanisms of action, repair and resistance. Curr Mol
Pharmacol. 2012; 5:102—14.

5. Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-74.

6. Cramer-Morales K, Nieborowska-Skorska M, Scheibner
K, Padget M, Irvine DA, Sliwinski T, Haas K, Lee J,
Geng H, Roy D, Slupianek A, Rassool FV, Wasik MA, et
al. Personalized synthetic lethality induced by targeting
RADS2 in leukemias identified by gene mutation and
expression profile. Blood. 2013; 122:1293-1304.

7. Chapman JR, Taylor MR, Boulton SJ. Playing the end
game: DNA double-strand break repair pathway choice.
Mol Cell. 2012; 47:497-510.

8. Curtin NJ. DNA repair dysregulation from cancer driver to
therapeutic target. Nat Rev Cancer. 2012; 12:801-817.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Feng Z, Scott SP, Bussen W, Sharma GG, Guo G, Pandita
TK, Powell SN. Rad52 inactivation is synthetically lethal
with BRCA2 deficiency. Proc Natl Acad Sci U S A. 2011;
108:686—691.

Iliakis G, Murmann T, Soni A. Alternative end-joining
repair pathways are the ultimate backup for abrogated
classical non-homologous end-joining and homologous
recombination repair: Implications for the formation of
chromosome translocations. Mutat Res Genet Toxicol
Environ Mutagen. 2015; 793:166-75.

Toma M, Skorski T, Sliwinski T. DNA double strand break
repair — related synthetic lethality. Curr Med Chem. 2018
Jan 31. [Epub ahead of print].

Bryant HE, Petermann E, Schultz N, Jemth AS, Loseva O,
Issaeva N, Johansson F, Fernandez S, McGlynn P, Helleday
T. PARP is activated at stalled forks to mediate Mrell-
dependent replication restart and recombination. EMBO J.
2009; 28:2601-15.

Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier
GG. PARP inhibition: PARP1 and beyond. Nat Rev Cancer.
2010; 10:293-301.

Lord CJ, Tutt AN, Ashworth A. Synthetic lethality and

cancer therapy: lessons learned from the development of
PARP inhibitors. Annu Rev Med. 2015; 66:455-70.

Helleday T. The wunderlying mechanism for the
PARP and BRCA synthetic lethality: clearing up the
misunderstandings. Mol Oncol. 2011; 5:387-393.

Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, Santarosa M, Dillon KJ, Hickson I,
Knights C, Martin NM, Jackson SP, Smith GC, Ashworth
A. Targeting the DNA repair defect in BRCA mutant cells
as a therapeutic strategy. Nature. 2005; 434:917-921.
Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T. Specific
killing of BRCA2-deficient tumours with inhibitors of
poly(ADP-ribose) polymerase. Nature. 2005; 434:913-917.
Czyz M, Toma M, Gajos-Michniewicz A, Majchrzak K,
Hoser G, Szemraj J, Nieborowska-Skorska M, Cheng
P, Gritsyuk D, Levesque M, Dummer R, Sliwinski T,
Skorski T. PARP1 inhibitor olaparib (Lynparza) exerts
synthetic lethal effect against ligase 4-deficient melanomas.
Oncotarget. 2016; 7:75551-75560. https://doi.org/10.18632/
oncotarget.12270.

Laigle-Donadey F, Crini¢re E, Benouaich A, Lesueur
E, Mokhtari K, Hoang-Xuan K, Sanson M. Loss of 22q
chromosome is related to glioma progression and loss of
10g. J Neurooncol. 2006; 76:265-8.

Witusik-Perkowska M, Zakrzewska M, Szybka M, Papierz
W, Jaskolski DJ, Liberski PP, Sikorska B. Astrocytoma-
associated antigens - IL13Ra2, Fra-1, and EphA2 as
potential markers to monitor the status of tumour-derived
cell cultures in vitro. Cancer Cell Int. 2014; 14:82.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner
WM. DNA double-stranded breaks induce histone H2AX

www.oncotarget.com

36876

Oncotarget


https://doi.org/10.18632/oncotarget.12270
https://doi.org/10.18632/oncotarget.12270

22.

23.

24.

25.

26.

phosphorylation on serine 139. J Biol Chem. 1998;
273:5858-5868.

Donawho CK, Luo Y, Luo Y, Penning TD, Bauch JL,
Bouska JJ, Bontcheva-Diaz VD, Cox BF, DeWeese TL,
Dillehay LE, Ferguson DC, Ghoreishi-Haack NS, Grimm
DR, et al. ABT-888, an orally active poly(ADP-ribose)
polymerase inhibitor that potentiates DNA-damaging
agents in preclinical tumor models. Clin Cancer Res. 2007;
13:2728-37.

Newman EA, Lu F, Bashllari D, Wang L, Opipari AW,
Castle VP. Alternative NHEJ Pathway Components Are
Therapeutic Targets in High-Risk Neuroblastoma. Mol
Cancer Res. 2015; 13:470-82.

Maifrede S, Nieborowska-Skorska M, Sullivan-Reed K,
Dasgupta Y, Podszywalow-Bartnicka P, Le BV, Solecka M,
Lian Z, Belyaeva EA, Nersesyan A, Machnicki MM, Toma
M, Chatain N, et al. Tyrosine kinase inhibitor-induced defects
in DNA repair sensitize FLT3(ITD)-positive leukemia cells to
PARP1 inhibitors. Blood. 2018; 132:67-77.

Alotaibi M, Sharma K, Saleh T, Povirk LF, Hendrickson
EA, Gewirtz DA. Radiosensitization by PARP Inhibition
in DNA Repair Proficient and Deficient Tumor Cells:
Proliferative Recovery in Senescent Cells. Radiat Res.
2016; 185:229-45.

Nieborowska-Skorska M, Sullivan K, Dasgupta Y,
Podszywalow-Bartnicka P, Hoser G, Maifrede S, Martinez

27.

28.

29.

30.

E, Di Marcantonio D, Bolton-Gillespie E, Cramer-Morales
K, Lee J, Li M, Slupianek A, et al. Gene expression and
mutation-guided synthetic lethality eradicates proliferating
and quiescent leukemia cells. J Clin Invest. 2017;
127:2392-2406.

Lee Y, Scheck AC, Cloughesy TF, Lai A, Dong J, Farooqi
HK, Liau LM, Horvath S, Mischel PS, Nelson SF. Gene
expression analysis of glioblastomas identifies the major
molecular basis for the prognostic benefit of younger age.
BMC Med Genomics. 2008; 1:52.

Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D'Andrea
AD. Homologous Recombination Deficiency: Exploiting
the Fundamental Vulnerability of Ovarian Cancer. Cancer
Discov 2015; 5:1137-54.

Dasgupta Y, Golovine K, Nieborowska-Skorska M, Luo
L, Matlawska-Wasowska K, Mullighan CG, Skorski
T. Drugging DNA repair to target T-ALL cells. Leuk
Lymphoma. 2018; 59:1746-1749.

Matlawska-Wasowska K, Kang H, Devidas M, Wen J,
Harvey RC, Nickl CK, Ness SA, Rusch M, Li Y, Onozawa
M, Martinez C, Wood BL, Asselin BL, et al. MLL
rearrangements impact outcome in HOXA-deregulated
T-lineage acute lymphoblastic leukemia: a Children's
Oncology Group Study. Leukemia. 2016; 30:1909-12.

www.oncotarget.com

36877

Oncotarget



