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Abstract: Glioblastomas (GBM) are the most common primary brain tumors in adults and associated with poor
clinical outcomes due to therapy resistances and destructive growth. Interactions of cancer cells with the extracel-
lular matrix (ECM) play a pivotal role in therapy resistances and tumor progression. In this study, we investigate the
functional dependencies between the discoidin domain receptor 1 (DDR1) and the integrin family of cell adhesion
molecules for the radioresponse of human glioblastoma cells. By means of an RNA interference screen on DDR1
and all known integrin subunits, we identified co-targeting of DDR1/integrin B3 to most efficiently reduce clono-
genicity, enhance cellular radiosensitivity and diminish repair of DNA double strand breaks (DSB). Simultaneous
pharmacological inhibition of DDR1 with DDR1-IN-1 and of integrins aVB3/aVB5 with cilengitide resulted in confir-
matory data in a panel of 2D grown glioblastoma cultures and 3D gliospheres. Mechanistically, we found that key
DNA repair proteins ATM and DNA-PK are altered upon DDR1/integrin aVB3/integrin aVB5 inhibition, suggesting a
link to DNA repair mechanisms. In sum, the radioresistance of human glioblastoma cells can effectively be declined
by co-deactivation of DDR1, integrin aVB3 and integrin aVp5.

Keywords: Glioblastoma, DDR1, integrin aVB3, integrin aVB5, radiosensitization, DNA-PK, ATM, cilengitide, DDR1-
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Introduction

IDH-wildtype glioblastomas (GBM) represent
the most common type of diffuse gliomas in
adults [1]. Despite an extensive multimodal
standard of care regime consisting of surgical
resection and radiochemotherapy, GBM remain
incurable mainly due to generalized recurrenc-
es caused by the infiltration of highly therapy-
resistant GBM cells into the healthy brain tis-
sue [2, 3]. In addition to heterogeneous gene-
tic and epigenetic factors [4], networks both
between GBM cells and with neighboring he-
althy cells, microenvironmental factors and
interaction with the extracellular matrix (ECM)
fuel resistance to therapeutic interventions
[5-8].

Among the factors mediating cell-ECM interac-
tions, the discoidin domain receptor 1 (DDR1)
has attracted much attention as a potential
therapeutic target based on its ability to pro-
mote therapy resistances in several cancer
entities [9-12]. DDR1, together with DDR2,
forms a receptor tyrosine kinase family with
affinity to different types of fibrillar and non-
fibrillar collagens [13]. They regulate a variety of
cellular functions, such as proliferation and
adhesion [14]. In GBM, DDR1 mRNA expression
is higher than in normal brain and correlates
with poorer patient survival [15-17]. Further-
more, an association between DDR1 expres-
sion and GBM cell invasion has been reported
[16]. We have recently documented DDR1 to
mediate pro-survival signaling via Akt serine/
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threonine kinase (Akt) and mechanistic target
of rapamycin kinase (mTor) in established and
stem-like GBM cell models [17]. Pharmacolo-
gical DDR1 targeting elicited autophagy-relat-
ed radiochemosensitization, linking interac-
tions with the ECM to the GBM therapy res-
ponse [17, 18].

Integrins are the major family of cell adhesion
receptors and act as linkers between the ECM
and the cytoskeleton to transduce biochemical
as well as mechanical signals that regulate
many functions of healthy and malignant cells
[19, 20]. It is well established that integrins co-
control therapy resistance in many cancer enti-
ties by sensing ECM properties such as com-
position or rigidity, making them suitable can-
didates for therapeutic exploitation [20-23].
Despite past clinical challenges with integrin-
targeting agents for the treatment of cancer,
new integrin inhibitors are being tested in a
variety of disease settings [21]. Within the inte-
grin family of heterodimeric cell surface recep-
tors, many of the 18 alpha and 8 beta subunits
are upregulated in GBM cells and are linked to
invasive GBM growth, angiogenesis and thera-
py resistance [24-33]. Despite the overarching
functions of integrins and DDR1, the relevance
of their interplay for radiation resistance of
GBM cells is unknown.

In the present study, we screen the effect of
combined molecular targeting of DDR1 and all
known integrin subunits together with irradia-
tion on clonogenicity and repair of DNA double
strand breaks (DSB) in human GBM cells. We
demonstrate that the combined inhibition of
DDR1 and integrin aVB3 most potently decre-
ases their survival and DSB repair capacity.
Furthermore, in a panel of 2D grown GBM cul-
tures and 3D gliospheres, pharmacological co-
inhibition of DDR1 (DDR1-IN-1) and aVB3/aVB5
(cilengitide) elicits radiosensitization and DSB
accumulation to a level superior to the single
inhibitions. Mechanistically, key DNA repair pro-
teins ATM serine/threonine kinase (ATM) and
DNA-activated protein kinase (DNA-PK) are al-
tered upon DDRI1-IN-1/cilengitide treatment,
suggesting a link to DNA repair mechanisms.

Materials and methods
Cell culture

The human GBM cell lines LN-229 (ATCC,
Manassas, VA, USA), DD-HT7607, DD-T4 (kindly
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provided by A. Temme, Technische Universitat
Dresden, Dresden, Germany), LN-405 and U-
251MG (kindly provided by L. Kunz-Schughart,
Technische Universitat Dresden, Dresden, Ger-
many) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS, PAN-Biotech
GmbH, Aidenbach, Germany) and 1% non-
essential amino acids (NEAA, Thermo Fisher
Scientific) at 37°C with 8.5% CO, and humidi-
fied atmosphere. U-343MG cells (kindly provid-
ed by A. Temme) were grown in Basal Medium
Eagle (BME, Thermo Fisher Scientific), supple-
mented with 10% FBS (PAN-Biotech GmbH),
1% NEAA (Thermo Fisher Scientific), 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) and 2 mM L-glutamine (both from
Sigma-Aldrich) at 37°C with 5% CO, and hu-
midified atmosphere. For the formation of glio-
spheres, all cell lines were cultured in Neuro-
basal Medium (NBM, Thermo Fisher Scientific)
supplemented with 2 mM L-glutamine, 32 U/ml
heparin, 20 ng/ml human recombinant epider-
mal growth factor (hrEGF) (all from Sigma-
Aldrich), 20 ng/ml human recombinant fibro-
blast growth factor (hrFGF) and 1x B27
supplement (both from Thermo Fisher Scienti-
fic) at 37°C with 5% CO, and humidified atmo-
sphere. All cell lines were tested as mycoplas-
ma negative and authenticated using short-
tandem repeat DNA profiling.

Colony and gliosphere formation assay

Clonogenicity (colony formation capacity) was
analyzed by plating single cells in 24-well plat-
es coated with 1 yg/cm? collagen type | (BD,
Franklin Lakes, NJ, USA) per well as published
[28]. Gliosphere formation capacity was mea-
sured by plating single cells in 96-well ultra-low
attachment plates (Merck Millipore, Billerica,
MA, USA) as published [17]. In both settings,
cells were irradiated with 2 Gy, 4 Gy or 6 Gy
X-rays 24 hours after seeding or left unirra-
diated. In experiments using pharmacological
inhibitors, cells were treated 1 hour prior to irra-
diation. Formed cell colonies were fixed with
80% EtOH and stained with Coomassie blue
(Merck Millipore) after a cell line-dependent
growth period of 7 days (LN-229), 10 days (DD-
HT7607, DD-T4, U-251MG, U-343MG) and 11
days (LN-405). Gliosphere formation was
stopped 7 days after plating with 3% formalde-
hyde (Carl Roth GmbH & Co. KG, Karlsruhe,
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Germany). Colonies containing more than 50
cells were counted using the Stemi 2000 ste-
reo microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany). Gliospheres with a diameter
larger than 100 pm were counted with an
Axiovert 25 microscope (Carl Zeiss Microscopy
GmbH).

Radiation exposure

X-ray irradiation was delivered at room temper-
ature using single doses of 200 kV X-rays
(Yxlon Y.TU 320; Yxlon, Hamburg, Germany) fil-
tered with 0.5 mm Cu as published [17]. The
approximate dose-rate was 1.3 Gy/min at 20
mA. Dosimetry for quality assurance was per-
formed using a Duplex dosimeter (PTW, Frei-
burg, Germany) prior to irradiation.

SiRNA transfection

The comparative RNAi screen was performed
using a Dharmacon ON-TARGETplus SMART-
pool siRNA library according to the manufac-
turer’s instructions (Horizon Discovery, Cam-
bridge, UK) as published [28]. Furthermore, the
following siRNA were used: ITGAV siRNA
(5’-GAAUAUCGGUUGGAUUAUALt-3’), ITGB3 si-
RNA (5’-GAAUUGUACCUAUAAGAAULtt-3’); ITGB5
siRNA  (5-GCGUCAUGAUGUUCACCUALt-3") (all
Thermo Fisher Scientific), DDR1 siRNA (5-GA-
GCGUCUGUCUGCGGGUALtt-3’) and control si-
RNA (5-GCAGCUAUAUGAAUGUUGUtt-3") (both
from Eurofins Scientific, Luxembourg, Luxem-
bourg). All siRNA transfections were performed
using Lipofectamine RNAIMAX (Thermo Fisher
Scientific) according to the manufacturer’s
instructions. After 24 hours, transfected cells
were subjected to colony and gliosphere for-
mation assay, foci assay and western blot
analysis.

Total cell extracts and western blotting

Preparation of cell lysates and western blot
analysis was performed as previously describ-
ed [34]. Primary antibodies were purchased as
follows: ATM (#2873), DDR1 (#5583), DNA-
PKcs (4602), integrin oV (4711), integrin B3
(13166), integrin B5 (4708), phospho-ATM
Ser1981 (4526) (all from Cell Signaling Tech-
nology, Danvers, MA, USA); B-actin (A5441),
vinculin (V9131) (both from Sigma-Aldrich, St.
Louis, MO, USA) and phospho-DNA-PKcs Ser-
2056 (ab18192, Abcam, Cambridge, UK).
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Secondary antibodies: Horseradish peroxidase
(HRP)-linked sheep anti-mouse 1gG (NXA931)
and HRP-linked donkey anti-rabbit IgG (NA934V)
(both from Cytiva, Marlborough, MA, USA). Fiji
was used for densitometric analysis [35]. Total
proteins were normalized to the corresponding
B-actin or vinculin. Phosphorylated proteins
were normalized to the corresponding total pro-
tein. Values are displayed as ratio (fold change)
of the control.

Inhibitor treatment

Cells were treated 24 hours after seeding
with pharmacological inhibitors of DDR1
(DDR1-IN-1, Tocris, Bristol, UK) (2D cultures:
4.99 uM, 3D gliospheres: 7.88 uM), aVpB3/aVB5
integrin (Cilengitide, MedChemExpress, Mon-
mouth Junction, NJ, USA) (2D cultures: 0.97
UM, 3D gliospheres: 6.05 uM); DNA-PK
(Nedisertib/M3814, LKT Laboratories Inc., St.
Paul, MN, USA) (2D cultures: 0.3 uM, 3D glio-
spheres: 1 uM) and ATM (KU55933, Biorbyt,
Cambridge, UK) (2D cultures: 0.75 uM, 3D glio-
spheres: 3 uM) or dimethylsulfoxid (DMSO,
Sigma-Aldrich) as control as published [17].
After 24 hours, inhibitor containing medium
was replaced.

Foci assay

For quantification of residual DSB (foci), cells
were seeded onto collagen type | coated glass
coverslips for 24 hours, irradiated with 4 Gy or
6 Gy X-rays or left unirradiated as published
[28]. After 24 hours, cells were fixed with
3% formaldehyde, permeabilized using 0.25%
Triton X-100 (Sigma-Aldrich) and blocked with
1% bovine serum albumin fraction V (SERVA
Electrophoresis GmbH, Heidelberg, Germany)
in PBS. DSB were stained with anti-phospho-
Histone H2A.X (Serl139) (05-636, Merck
Millipore) and anti-53BP1 (NB100-304, Novus
Biologicals, Centennial, CO, USA), anti-phos-
pho-ATM Serl1981 (4526, Cell Signaling) or
anti-phospho-DNA-PKcs Ser2056 (ab18192,
Abcam) primary antibodies. The following sec-
ondary antibodies were used: Goat anti-mouse
IgG Alexa Fluor™ 488 (A-11029); goat anti-
rabbit 1gG Alexa Fluor™ 488 (A-11034); goat
anti-rabbit 1gG Alexa Fluor™ 594 (A-11037)
and goat anti-mouse IgG Alexa Fluor™ 594
(A-11032) (all from Thermo Fisher Scientific).
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After washing with PBS, coverslips were em-
bedded in VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories, Ne-
wark, CA, USA). Representative pictures were
acquired using the Axiolmager M1 fluorescence
microscope (Carl Zeiss Microscopy GmbH).
Foci were quantified using Fiji.

Flow cytometry

After a 24-hour treatment with pharmacologi-
cal inhibitors or DMSO control, cells were
dissociated with Accutase (Thermo Fisher
Scientific) and 2 x 10° cells were resuspend-
ed in PBS supplemented with 5% FBS. Cells
were stained using FITC conjugated anti-
aVB5 (MAB1961F), FITC conjugated anti-aVB33
(MAB1976F), FITC conjugated mouse IgG1 neg-
ative control (MABCOOZ2F) (all Merck Millipore)
or a FITC conjugated RGD-containing peptide
GRGDSP (AS-60619, Anaspec, Fremont, CA,
USA) for 30 min on ice and protected from light.
After 15 minutes of staining, propidium iodide
(Sigma-Aldrich) was added for dead cell ex-
clusion. Measurements were performed on
50,000-100,000 viable cell events using a BD
Celesta flow cytometer (BD) as published [25].
Cumulative intensity was analyzed using FlowJo
(Version 7.6.2, BD). Cell doublets and debris
were excluded from analysis by using SSC-A
versus FSC-A and SSC-H versus SSC-W.

Statistical analysis

Data are depicted as means + standard devia-
tions (SD) of at least three independent biologi-
cal replicates. For statistical analysis of two
groups, a two-tailed Student’s t-test was per-
formed using Excel (Microsoft, Redmond, WA,
USA). Comparisons of more than 2 groups were
performed with ANOVA followed by a Dunnett
post hoc test with GraphPad Prism (version
7.02 for Windows, GraphPad Software, San
Diego, CA, USA). Patient survival was displayed
as Kaplan-Meier curves and analyzed using a
logrank test with GraphPad Prism (GraphPad
Software). P values of less than 0.05 were con-
sidered statistically significant.

Results

RNAI screen identifies combined DDR1/
integrin B3 depletion as the most effective
approach to radiosensitize and impair DNA
double strand break repair in GBM cells

Despite the fact that integrins and DDR1 family
members are cell adhesion molecules [19],
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their functional interaction for the regulation of
cellular radiosensitivity and DSB repair rema-
ins elusive. Here we performed a comparative
RNAi screen in the human GBM cell lines
U-251MG and LN-229 on all 18 o« and 8 (3 inte-
grin subunits plus DDR1 versus DDR1 alone
(Figure 1A) and assessed clonogenicity (Figure
1B) and residual DSB (Figure 1C) without and in
combination with X-ray irradiation. In addition
to other potential DDR1/integrin combinations,
the simultaneous targeting of DDR1 with integ-
rin B3 proved to be the most promising relative
to controls regarding enhancement of radio-
sensitivity (~1.5-fold) (Figure 2A) together with
an increase in residual DSB in the absence and
presence of X-ray irradiation (~2-fold) (Figure
2B). Our observations, summarized in Figure
2C and 2D, clearly demonstrate the efficacy of
simultaneous integrin B3/DDR1 inactivation in
terms of radiosensitization and DSB repair inhi-
bition in both GBM cell lines. Intriguingly, among
others, radiosensitizing and DSB repair impair-
ing effects are also observable for the combi-
nations of integrin 5/DDR1 and integrin aV/
DDR1 (Figure 2A-D), integrin receptors that
are inhibited by the cyclic RGD pentapeptide
cilengitide.

Simultaneous integrin B3/DDR1 targeting
mediates the strongest radiosensitization

To further untangle the therapeutic dependen-
cies on DDR1 as well as integrins B3, 5 and
oV, we investigated U-251MG cells grown un-
der 2D adherent or 3D gliosphere conditions
upon depletion of these receptors (Figure 3A,
3B). In 2D, the different knockdown approach-
es elicited varying degrees of basal survival
reduction (ranging from 40% to 75%; Figure
3C) and radiosensitization (Figure 3D). Intrigu-
ingly, single DDR1 or ITGB5 silencing mediated
strongest radiosensitization equitoxic to double
DDR1/ITGB3 as well as triple DDR1/ITGB3/
ITGAV and DDR1/ITGB5/ITGAV (Figure 3E). In
marked contrast, gliosphere conditions per se
led to a fundamental increase in cell survival
and diminished the impact of targeting these
receptors on basal cell survival (Figure 3C). In
addition, it was found that single, double, and
triple targeting generally resulted in radiosensi-
tization, but to a lesser extent than 2D (Figure
3D). Calculation of enhancement ratios, sh-
own in Figure 3E, summarizes these observa-
tions.
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Figure 1. RNAi screen of DDR1 and integrins reveals regulators of clonogenicity and DNA repair in human glioblasto-
ma cells. (A) Workflow of RNAi screen. (B) Normalized clonogenic survival and (C) residual DNA double strand breaks
(DSB; YH2AX/53BP1-positive foci) of small interfering RNA (siRNA)-treated, non-irradiated or 4 Gy X-ray-irradiated
U-251MG and LN-229 GBM cells. (C) Quantification of >50 cells per replicate. (B, C) Data show means + SD (n =
3-4, one-way ANOVA, Dunnett post hoc test). n.s., not significant.
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Figure 2. Simultaneous depletion of DDR1 and integrin B3 most effectively enhances radiosensitivity and impairs
DNA repair in GBM cells relative to single DDR1 depletion. Enhancement ratios (ER) of (A) clonogenic survival and
(B) residual DSB (YH2AX/53BP1-positive foci) of non-irradiated and 4 Gy X-ray-irradiated U-251MG and LN-229 GBM
cells. (A, B) Data show means (n = 3-4, one-way ANOVA, Dunnett post hoc test). (C, D) Correlations of ER of surviving
fraction (SF4) and residual DSB after 4 Gy X-ray irradiation in U-251MG and LN-229 cells. Data show means (n =

3-4). n.s., not significant.

DDR1, ITGB3, ITGB5 and ITGAV are overex-
pressed in GBM relative to normal brain and
their expression levels impact patient outcome

Although integrins aV, B3 and B5 have been
intensively studied [36, 37], we next analyzed
their and DDR1 mRNA expression in GBM ver-
sus healthy brain and the impact of this expres-
sion on patient survival (data from The Cancer
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Genome Atlas (TCGA) [38]). Our evaluation
revealed patients with high levels of DDRZ,
ITGB3 and ITGB5 to have a significant reduc-
tion in overall survival indicating a relevance of
these proteins in human GBM pathology (Figure
4A-D). Furthermore, all proteins of interest are
overexpressed in GBM compared with healthy
brain tissue (Figure 4E) and their expression
was detected in U-251MG and LN-229 cells as
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Figure 3. siRNA-mediated depletion of DDR1 combined with ITGAV/ITGB3 elicits strongest radiosensitization. (A)
Western blot analysis of indicated siRNA knockdown efficiencies from U-251MG whole cell lysates. B-actin serves
as loading control. Representative images are shown (n = 3). (B) Densitometry of DDR1, integrin 33, integrin 5
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and integrin aV after indicated siRNA knockdowns from western blots from (A). (C) Normalized clonogenic survival
of non-irradiated and (D) surviving fractions of X-ray-irradiated U-251MG cells grown under 2D adherent and 3D
gliosphere culture conditions after siRNA-mediated knockdown of indicated genes. (B-D) Data show means + SD
(n = 3, one-way ANOVA, Dunnett post hoc test: *P<0.05, **P<0.01, ***P<0.001). (E) ER of surviving fraction after
6 Gy X-ray irradiation (SF6) in U-251MG cells grown under 2D adherent and 3D gliosphere culture conditions after
siRNA-mediated single, double or triple knockdown (KD) of indicated genes. Data show means (n = 3).
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Figure 4. DDR1, ITGB3, ITGB5 and ITGAV are overexpressed in GBM relative to normal brain and their expression
correlates with patient survival. Kaplan Meier survival analyses of GBM patients with low versus high levels of (A)
DDR1, (B) ITGB3, (C) ITGB5 and (D) ITGAV. Curves were generated using the TCGA Affymetrix HT HG U133A GBM
dataset [38] (https://betastasis.com) (p-values were calculated by logrank test). (E) Comparative mRNA expression
analysis of DDR1, ITGB3, ITGB5 and ITGAV between GBM and normal brain using the TCGA GBM dataset (https://
www.oncomine.org) [46]*. Data are shown as box and whiskers (5-95 percentile) (two-sided t-test: ***P<0.001).
(F) Western blot analysis of indicated proteins in whole cell lysates from indicated GBM cell lines grown under 2D
adherent and 3D gliosphere culture conditions. B-actin serves as loading control. Representative images are shown
(n = 3). (G) Densitometry of DDRZ, integrin B3, integrin B5 and integrin &V in indicated GBM cell lines grown under
2D adherent and 3D gliosphere conditions from western blots from (F). Data are shown as means + SD (n = 3, one-
way ANOVA, Dunnett post hoc test: *P<0.05, **P<0.01).

well as an extended panel of GBM cell lines
independent of the culture growth conditions
(Figure 4F, 4G).

Combined DDR1-IN-1/cilengitide application
elicits strongest radiosensitization in GBM
cells

Next, we elucidated the radiosensitizing poten-
tial of biologicals inhibiting our identified tar-
gets, i.e. DDR1, integrin aVB3, and integrin
aVB5. For addressing this question in a panel
of 2D adherently and 3D gliosphere grown GBM
cell models, we chose the biologicals DDR1-
IN-1 for DDR1 and cilengitide for integrins aVB3
and aVB5. The data revealed similar trends
regarding cytotoxicity and radiosensitization as
observed upon the RNAi approach (Figure
5A-D). In brief, the biologicals presented with
marginally lower cytotoxicity on clonogenicity
(2D and gliosphere for U-251MG cells; Figure
5A and 5C) as well as lower radiosensitization
(gliosphere for U-251MG cells; Figure 5D) rela-
tive to RNAI, while the degree of radiosensitiza-
tion of 2D adherently growing U-251MG cells
appeared stronger upon DDR1-IN-1/cilengitide
administration compared with DMSO (Figure
5B). Across the entire GBM cell model panel,
we found differential rates for cytotoxicity and
enhancement of radiosensitivity under both ad-
herent and gliosphere growth conditions rela-
tive to DMSO (Figure 5B, 5D, 5E).

Integrin aVB3 and aVB5 cell surface expres-
sion and binding capacity remain unaltered
under treatment with DDR1-IN-1 or cilengitide

To investigate putative interdependencies bet-
ween DDR1 and integrins aVB3 and aVB5 con-
tributing to cell survival and cellular radiosensi-
tivity, we quantified the cell surface expression
of these receptors as well as the integrin bind-
ing capacity in 2D adherent and 3D gliosphere
cultures of LN-229 and U-251MG cells by flow
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cytometry (Figure 6A-D). No systematic altera-
tions in cell surface expression or integrin bind-
ing capacity were detected after treatment with
DDR1-IN-1 or cilengitide.

Inhibition of DDR1 and integrins aVB33 and
aVB5 impairs DSB repair

To address the mechanisms mediated by the
most efficient radiosensitizing combination
composed of DDR1-IN-1 and cilengitide, residu-
al 53BP1/yH2AX-positive foci (Figure 7A) were
determined in our GBM cell model panel. DDR1-
IN-1/cilengitide application alone induced a
significant raise in foci numbers in four out five
GBM cell models compared with DMSO (Figure
7B). Interestingly, including the non-responding
LN-405 cell model, DDR1-IN-1/cilengitide treat-
ment combined with irradiation elicited signifi-
cant elevation of 53BP1/yH2AX-positive foci
numbers in a cell model-dependent manner
relative to DMSO (Figure 7B).

Subsequently, we examined the pivotal DSB
repair enzymes ATM and DNA-PK at 1 h and 24
h upon irradiation followed by immunofluores-
cence staining for residual phospho-ATM (Ser-
1981) (pATM) and phospho-DNA-PK (Ser2056)
(pDNA-PK) foci. While pATM and pDNA-PK lev-
els remained stable in unirradiated adherent or
gliosphere GBM cell cultures upon exposure to
the DDR1-IN-1/cilengitide combination (Figure
7C-F), irradiated adherent and gliosphere cell
cultures demonstrated an opposing course of
phosphorylation of ATM and DNA-PK after
DDR1/cilengitide (Figure 7C-F). While pATM
levels increased at 1 h and 24 h, respectively,
in adherent and gliosphere cell cultures com-
pared to DMSO controls, pDNA-PK showed a
steady decline over the 24 h observation period
(Figure 7D and 7F). Total levels of ATM and
DNA-PK were not affected by the different cul-
ture and treatment conditions (Figure 7C-F).
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Figure 5. Simultaneous DDR1-IN-1/cilengitide exposure radiosensitizes glioblastoma cell lines. (A) Normalized clo-
nogenic survival of non-irradiated and (B) surviving fractions of X-ray-irradiated GBM cell lines grown under 2D
adherent culture conditions after single or combined pharmacological inhibition using DDR1-IN-1 and cilengitide
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compared with controls (DMSO0). (C) Normalized clonogenic survival of non-irradiated and (D) surviving fractions
of X-ray-irradiated GBM cell lines grown as 3D gliospheres after the indicated pharmacological treatments. (A-D)
Data show means + SD (n = 3, one-way ANOVA, Dunnett post hoc test: *P<0.05, **P<0.01, ***P<0.001). (E) ER
of surviving fraction after 6 Gy X-ray irradiation (SF6) of the indicated GBM cell lines grown under 2D adherent and
3D gliosphere culture conditions after inhibition of DDR1 (DDR1-IN-1), aVB3/aVB5 (cilengitide) or a combination of
both. Data show means (n = 3).
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Figure 6. Surface expression of aVB3 and aVB5 integrins as well as RGD peptide binding capacity remain unaltered
under DDR1-IN-1 or Cilengitide administration. (A-D) Flow cytometry analysis of U-251MG and LN-229 GBM cells
treated with DMSO control, DDR1-IN-1 or cilengitide under 2D adherent or 3D gliosphere conditions. Cells were
surface stained with (A) FITC-conjugated non-specific IgG antibodies (control), FITC-conjugated antibodies specific
for (B) integrin aVB3 and (C) integrin aVB5 or (D) RGD binding. Data show means + SD (n = 3, one-way ANOVA, Dun-
nett post hoc test: *P<0.05).

To provide further data for an impairment of cilengitide. Despite the fact that DDR1-IN-1 and
DSB repair by DDR1 and cilengitide, foci for cilengitide modified phosphorylation of both
pATM (Figure 7G) and pDNA-PK (Figure 7H) enzymes, ATM inhibition dominated over single
were quantified using immunofluorescence or combined DDR1-IN-1 and cilengitide (Figure
staining. Generally, in line with changes ob- 71, 7)). Taken together, these data suggest that
served on the protein level, pATM foci numbers the deactivation of DDR1 and integrins aVB33
significantly increased in unirradiated and irra- and aVPB5 by DDR1-IN-1 and cilengitide, respec-
diated cells treated either alone or in combina- tively, critically modulate DSB repair. The data
tion with DDR1-IN-1 and cilengitide (Figure 7G). further indicates the key DSB repair enzymes
Opposingly, these treatments induced a decline ATM and DNA-PK to be differentially influenced
of pDNA-PK foci both in unirradiated and irradi- by this deactivation.
ated U-251MG cells (Figure 7H).

Discussion
To explore the functional impact of elevated
ATM phosphorylation, we added the pharmaco- GBM remains a therapeutically challenging
logical ATM inhibitor KU55933 to DDR1-IN-1/ tumor due to its intrinsic and acquired therapy
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Figure 7. Combined DDR1-IN-1/cilengitide treatment impairs DSB repair including altered ATM and DNA-PK phos-
phorylation. (A) Representative immunofluorescence images of yH2AX (green), 53BP1 (red) and DNA (blue) of LN-
229 cells treated with DDR1-IN-1/cilengitide. Representative images are shown (n = 3). Scale bar 10 ym. (B)
Number of yH2AX/53BP1-positive residual DSB (foci) per cell in indicated GBM cell lines after combined DDR1-
IN-1/cilengitide treatment without and with 6 Gy X-rays. Quantification of >50 cells per replicate. Data are shown
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as box and whiskers (5-95 percentile) (n = 3, one-way ANOVA, Dunnett post hoc test: **P<0.01, ***P<0.001). (C)
Western blot analysis of indicated proteins in whole cell lysates of 2D adherently grown U-251MG cells. Vinculin
serves as loading control. Representative images are shown (n = 3). (D) Densitometry of phospho-ATM Ser1981
(PATM), ATM, phospho-DNA-PK Ser2056 (pDNA-PK) and DNA-PK in 2D adherently grown U-251MG of western blots
from (C). (E) Western blot analysis of indicated proteins in whole cell lysates of 3D gliosphere grown U-251MG cells.
Vinculin serves as loading control. Representative images are shown (n = 3). (F) Densitometry of pATM, ATM, pDNA-
PK and DNA-PK in 3D gliosphere grown U-251MG of western blots from (E). (D, F) Data are shown as means + SD
(n = 3, one-way ANOVA, Dunnett post hoc test: *P<0.05, **P<0.01). Number of (G) pATM or (H) pDNA-PK foci per
cell in U-251MG cells after treatment with DMSO control, DDR1-IN-1, cilengitide or a combination of both inhibitors
without and with 6 Gy X-rays. (G, H) Quantification of >50 cells per replicate. Data are shown as box and whiskers
(5-95 percentile) (n = 3, one-way ANOVA, Dunnett post hoc test: *P<0.05, ***P<0.001). (I) Normalized clonogenic
survival of non-irradiated and (J) surviving fractions after 6 Gy X-ray-irradiation (SF6) of U-251MG cells grown under
2D adherent and 3D gliosphere culture after single pharmacolocial inhibition of ATM (KU55933) or ATM inhibition
combined with either DDR1-IN-1, cilengitide or both compared to control treatment (DMSO). (1, J) Data show means

+ SD (n = 3, one-way ANOVA, Dunnett post hoc test: ***P<0.001).

resistances as well as its invasive growth.
Extracellular matrix receptors such as DDR1
and the integrin family play a critical role in
therapy resistances and tumor progression. In
this study, we investigated the interplay bet-
ween DDR1 and integrins in the regulation of
the radioresponse of GBM cells. We here show
that (i) combined DDR1/integrin B3 depletion
has effective radiosensitizing and DSB repair-
impairing potential, (ii) depletion of DDR1 in
combination with integrin oVB3 mediates
strongest radiosensitization under different
culture conditions, (iii) high expressions of
DDR1, ITGB3 and ITGB5 in GBM associate with
worse patient survival, (iv) pharmacological
DDR1/aVB3/aVB5 inhibition with simultaneous
DDR1-IN-1/cilengitide application elicits stron-
gest radiosensitization, and (v) co-inhibition of
DDR1 and integrins aVB3/aVB5 impairs DSB
repair by differentially altering ATM and DNA-PK
phosphorylations.

Previous studies have shown that DDR1 essen-
tially contributes to therapy resistances in sev-
eral cancer entities [9-12]. DDR1 inhibition in
combination with standard clinical therapy en-
abled GBM cell radiosensitization and survival
of mice bearing orthotopic GBM [17]. While
most studies apply mono-targeting/mono-inhi-
bition of DDR1 to explore cytotoxic, radiosensi-
tizing or anti-invasive potential in GBM [16, 17],
putative compensatory pro-survival signaling
via other transmembrane receptors, such as
integrins, might be activated. Therefore, our
study elucidated the potential of DDR1/integrin
interactions by a genetic and a pharmacologi-
cal approach. Using RNAi, we show combined
depletion of DDR1 and certain integrin sub-
units to be superior to single DDR1 depletion in
terms of radiosensitization and impairment of
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DSB repair. Interestingly, integrin $3/DDR1 co-
depletion turned out as most effective. As the
quantity of radiation-dependent residual DNA
damage is a major determinant of cellular
radiosensitivity, our overlap between an incre-
ased number of residual DSB and increased
radiosensitivity upon DDR1/B3 inhibition fur-
ther underscores our findings.

In addition, our data show a cell line-dependent
enhancement of radiosensitization and residu-
al DSB upon depletion of ITGAV, the integrin 3
partnering «V subunit, and ITGB5, as part of
the aVB5 heterodimer. These integrin pairs
confer specificity for the highly conserved tri-
peptide Arg-Gly-Asp (RGD) recognition motif
found in a variety of ECM proteins [39, 40].
Analyzes of their and DDR1 mRNA expression
in GBM compared to healthy brain confirm an
association between high expression and pa-
tient survival, as previous studies have shown
[17, 41]. This indicates and corroborates once
again the therapeutic potential of the targets
examined here for GBM therapy. Integrins aV33
and aVB5 are selectively inhibited by the RDG-
blocking pentapepdide cilengitide, the first rep-
resentative of integrin targeting drugs advanc-
ing to phase lll clinical testing in GBM. Cilengi-
tide combined with radiochemotherapy failed
to improve overall survival of newly diagnosed
GBM patients [42], often attributed to the het-
erogeneous expression of integrin avB3, unfa-
vorable drug pharmacokinetics and its dose-
dependency [43]. Hence, we focused our fur-
ther investigations on the potential interplay
between the aVB3 and aVB5 receptors and
DDR1. We discovered that the cell surface
expression and RGD binding capacity of integ-
rins aVB3 and aVB5 remains stable by DDR1
inhibition and vice versa. Based on these
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observations, further translational studies are
warranted that investigate the potential of
pharmaceutical multi-targeting of DDR1 and
aVB3/aVB5 in combination with radiochemo-
therapy in GBM as alternative to single cilen-
gitide therapy or single DDR1 inhibition.

To shed some light on the underlying molecu-
lar mechanisms, we analyzed expression and
phosphorylation of ATM and DNA-PK, two key
proteins involved in DSB repair. The expression
levels of both proteins were not altered upon
DDR1-IN-1/cilengitide treatment. While ATM
phosphorylation increased up to 24 h after
treatment, a decline of DNA-PK phosphoryla-
tion was observed in the same time period.
Analysis of pATM and pDNA-PK foci verified our
observation. With regards to these opposing
effects, an inhibitory function of DNA-PK
towards ATM has been reported [44]. Thereby,
DNA-PK phosphorylates ATM at multiple sites
leading to the inhibition of ATM activity and con-
comitantly a negative regulation of ATM signal-
ing as well as repair of DNA damages [44].
These points suggest that our observed en-
hancement of residual DSB by the DDR1-IN-1/
cilengitide treatment may be attributable to an
ATM hyperactivation upon DNA-PK deactiva-
tion, which has also been observed in other
studies [44, 45]. Therefore, we next investigat-
ed the effect of inhibition of ATM in combina-
tion with either DDR1-IN-1 alone, cilengitide
alone or their combination. ATM deactivation
demonstrated to be dominant over DDR1-IN-1
and cilengitide treatment, suggesting DDR1
and aVB3/aVB5 to modulate DNA repair.

In summary, our study suggests an interplay
between DDR1 and integrins aVB3/aVB5 that
influences cellular radiosensitivity and DSB
repair in GBM cells. Taken together, these data
are reminiscent, on the one hand, of the poten-
tial of integrin inhibition and, on the other hand,
of the potential of multi-targeting approaches;
in this case DDR1 and oaVB3/aVB5. Further
studies are warranted to evaluate the relevance
of such approaches as an adjuvant to radio-
chemotherapy in GBM with regard to efficiency
and safety compared to the current standard
therapy.
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