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Abstract

Radiotherapy is a primary treatment modality for glioblasto-
mas (GBM). Because DNA-PKcs is a critical factor in the repair of
radiation-induced double strand breaks (DSB), this study evalu-
ated the potential of VX-984, a new DNA-PKcs inhibitor, to
enhance the radiosensitivity of GBM cells. Treatment of the
establishedGBM cell lineU251 and theGBM stem-like cell (GSC)
line NSC11 with VX-984 under in vitro conditions resulted in a
concentration-dependent inhibition of radiation-induced DNA-
PKcs phosphorylation. In a similar concentration-dependent
manner, VX-984 treatment enhanced the radiosensitivity of each
GBM cell line as defined by clonogenic analysis. As determined by
gH2AX expression and neutral comet analyses, VX-984 inhibited
the repair of radiation-inducedDNAdouble-strandbreak inU251
andNSC11GBM cells, suggesting that the VX-984-induced radio-

sensitization is mediated by an inhibition of DNA repair. Extend-
ing these results to an in vivo model, treatment of mice with VX-
984 inhibited radiation-induced DNA-PKcs phosphorylation in
orthotopic brain tumor xenografts, indicating that this compound
crosses the blood–brain tumor barrier at sufficient concentra-
tions. For mice bearing U251 or NSC11 brain tumors, VX-984
treatment alone had no significant effect on overall survival;
radiation alone increased survival. The survival of mice receiv-
ing the combination protocol was significantly increased as
compared with control and as compared with radiation alone.
These results indicate that VX-984 enhances the radiosensitivity
of brain tumor xenografts and suggest that it may be of benefit
in the therapeutic management of GBM. Mol Cancer Ther; 17(6);
1207–16. �2018 AACR.

Introduction
A primary treatment modality for glioblastoma (GBM) is

radiotherapy, which is typically used in combinationwith surgery
and temozolomide. Despite this combined treatment, median
survival rates for GBM remain at 12 to 15 months after diagnosis
(1). Although they canbe extensively invasive,GBMsusually recur
in the initial radiation treatment volume (1–3). This local failure
pattern is indicative of radioresistance and suggests that the
therapeutic response of GBM could be improved by the addition
of a radiosensitizer. A source of potential targets for GBM radio-
sensitization are molecules participating in the repair of DNA
double-strand breaks (DSB), the lesion primarily responsible for
radiation-induced cell death.

In solid tumor cells, a critical process mediating DSB repair is
nonhomologous end-joining (NHEJ), which results in the
direct ligation of broken DNA strands and operates throughout
the cell cycle (except during mitosis; ref. 4). An essential
component of NHEJ is DNA-dependent protein kinase
(DNA-PK), which is composed of a catalytic serine/threonine
protein kinase (DNA-PKcs/PRKDC) and a Ku heterodimer
(Ku70 and Ku80; refs. 4, 5). NHEJ is initiated by binding of
the Ku heterodimer to the exposed ends of a DSB followed by

recruitment of DNA-PKcs, which results in activation of its
kinase activity and subsequent autophosphorylation. This pro-
cess leads to the recruitment of the other NHEJ components
and ultimately DSB ligation (4). Cells deficient in Ku or DNA-
PKcs have significantly diminished DSB repair capacity and are
radiosensitive (5). DNA-PKcs was initially linked to GBM
radiosensitivity by studies on the M059J and M059K
cell lines, which were isolated from different areas of a human
GBM biopsy specimen (6). The DNA-PKcs–deficient M059J
cells are highly radiosensitive compared with the DNA-PK–
proficient M059K cell line. Introduction of a fragment of
human chromosome 8 that contains the DNA-PKcs gene
reduced the radiosensitivity of M059J (7); treatment with the
DNA-PKcs inhibitor NU7026 increased the radiosensitivity of
M059K but not M059J cells (8, 9). Combined with its estab-
lished role in NHEJ, these data implicate DNA-PKcs as a
potential target for GBM radiosensitization.

A number of smallmolecule inhibitors of DNA-PKcs have been
developed and shown to be effective radiosensitizers in vitro (10).
However, in general, they suffer from poor in vivo pharmacoki-
netics and bioavailability, which limits their clinical applicability
(10). Moreover, as compared with other tumor sites, drugs target-
ing GBMmust confront the additional pharmacokinetic obstacle
of the blood–brain tumor barrier (BBTB; refs. 11, 12). Toward
identifying an inhibitor appropriate for GBM therapy, we have
investigated the radiosensitizing potential of VX-984 (13), a new
ATP-competitive DNA-PKcs inhibitor. The data presented here
show that the VX-984 inhibits radiation-induced DNA-PKcs
phosphorylation and DSB repair in GBM cells grown under in
vitro conditions, effects that are accompanied by an increase in
radiosensitivity. VX-984 is also shown to inhibit radiation-
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induced DNA-PKcs phosphorylation in orthotopic brain tumor
xenografts. Although VX-984 treatment had no effect on the
survival of mice bearing orthotopic brain tumors, it did enhance
the radiation-induced prolongation of survival. These results
suggest that the combination of VX-984 and radiotherapy may
improve GBM therapeutic response.

Materials and Methods
Cell lines and treatments

TheU251humanGBMcell linewasobtained from theDivision
of Cancer Treatment and Diagnosis Tumor Repository (DCTD),
National Cancer Institute (NCI) grown in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS, Invitrogen), andmaintained in an atmosphere of 5%
CO2/95%air at 37�C.U251 cells were cultured less than 3months
after resuscitation andwere last authenticated inMay 2015 by STR
analysis (Indexx Laboratories). The glioblastoma stem-like cell
(GSC) line NSC11 (kindly provided by Dr. Frederick Lang, MD
Anderson Cancer Center) was isolated from humanGBM surgical
specimens as previously described (14).Neurospheresweremain-
tained in stem cell medium consisting of DMEM/F-12 (Invitro-
gen), B27 supplement (Invitrogen), and human recombinant
bFGF and EGF (50 ng/mL each, R&D Systems) at 37�C,
5%CO2/5%O2. CD133þ NSC11 cells were isolated from neuro-
sphere cultures by fluorescence-activated cell sorting (FACS) as
reported previously (15). All CD133þNSC11 cellsmet the criteria
for tumor stem-like cells including self-renewal, differentiation
along glial and neuronal pathways, expression of stem cell related
genes, and formation of brain tumors when implanted in immu-
nodeficient mice (15). For use in an in vitro experiment, CD133þ

NSC11 neurosphere cultures were disaggregated into single cells
as described (15) and seeded onto poly-L-ornithine (Invitrogen)/
laminin (Sigma-Aldrich) coated tissue culture dishes in stem cell
media. Under these conditions, single-cell GSCs attach and grow
as an adherent monolayer maintaining their CD133þ expression
and stem-line characteristics (16). NSC11 cells were cultured less
than 2 months after resuscitation. Both U251 and NSC11 cells
tested negative for mycoplasma contamination by PCR analysis
(Indexx Laboratories). Radiation was delivered using a 320 kV X-
ray machine (Precision X-Ray Inc.) with a 2.0 mm aluminum
filtration (300 kV peak; 10 mA) at a dose rate of 2.3 Gy/minute;
control cultures were mock irradiated. All in vitro experiments
were performedusing the samemachine (in vivo experiments use a
separate X-ray machine); output and quality assurance are per-
formed annually. VX-984 was obtained from Vertex Pharmaceu-
ticals Inc. and reconstituted in dimethyl sulfoxide (DMSO) for
in vitro experiments.

Immunoblot analysis
For in vitro experiments, protein was collected and subjected to

immunoblot analyses as previously described (17). For in vivo
experiments, GFP-positive human tumor tissue was dissected
from themouse brain and snap frozen in liquid nitrogen. Samples
were homogenized (Polytron Brinkman) in lysis buffer (17) and
incubated for 0.5 hour at 4�C; protein was subjected to immu-
noblot analyses as previous described (17). Anti-phospho-DNA-
PK (Ser2056; #ab14918) was obtained from Abcam. Anti-total-
DNA-PK was obtained from Thermo-Fisher Scientific. Anti-
b-actin and anti-Sox2 (human-specific, #D6D9) were obtained
from Cell Signaling Technology. Donkey anti-rabbit and sheep

anti-mouse horseradish peroxidase-conjugated secondary anti-
bodies were purchased from GE Healthcare Life Sciences. Bands
were quantified by densitometry analysis using Image Studio Lite
(LICOR Biosciences).

Clonogenic survival assay
U251 cells growing in monolayer were disaggregated into a

single-cell suspension and seeded onto tissue culture plates.
NSC11CD133þneurosphereswere disaggregated into single cells
and seeded onto tissue culture plates coated with poly-L-lysine
(Invitrogen) as previously described, which allows for adherent
colony formation (15). To evaluate radiosensitivity, cells were
plated at clonal density in 6-well plates and irradiated the next
day. Ten to 18 days after irradiation, plateswere stainedwith 0.5%
crystal violet, the number of colonies determined, and the sur-
viving fractions were calculated. Radiation survival curves were
generated after normalizing for the cytotoxicity induced by VX-
984. The data presented are the mean � SEM of 3 independent
experiments.

Immunofluorescent analysis of gH2AX foci
To visualize foci, cells grown in chamber slides were fixed with

10% neutral buffered formalin (NBF), permeabilized with 0.1%
Triton X-100, and blocked with 1%bovine serum albumin in PBS
containing 5% FBS. The slides were incubated with antibody to
phospho-H2AX (Millipore) followed by incubation with anti-
mouse-AlexaFluor488 (Invitrogen) and mounted with Prolong
Diamond antifade reagent containing DAPI (Invitrogen) to visu-
alize nuclei. Images were captured on a Zeiss upright fluorescent
microscope equipped with a 63� oil immersion lens. Automated
image analysis to determine the number of foci per nucleus was
performed using ZEN software with the advanced Image Proces-
sing and Analysis module (Zeiss). Foci determination was quan-
tified in at least 30 cells per condition. Data presented are the
mean � SEM of 3 independent experiments.

Neutral comet assay
The neutral comet assay was performed using a commercially

available kit according to the recommendations from the man-
ufacturer (Trevigen) with slight modifications. Briefly, mono-
layers were irradiated (10 Gy) and returned to the incubator. At
specified times, single-cell suspensions were generated, washed
with PBS, mixed with lowmelting agarose (1:10), and transferred
to theprovided slides. Cellswere lysed at 4�C for 1hour onwet ice,
subjected to electrophoresis for 20 minutes at room temperature
andfixedwith 70%EtOH.DNAwas stainedwith SYBRGreen, and
digital fluorescent images were analyzed with TriTek CometScore
as described (18). Data are expressed as % damage remaining in
which the Olive tail moment from cultures irradiated on ice and
collected immediately after irradiation was set to 100% damage,
with the remaining times after irradiation normalized according-
ly. All time points were corrected for VX-984 or vehicle treatment
alone by subtracting the Olive tail moment of sham irradiated
vehicle or VX-984–treated samples. At least 50 cells per condition
were measured. Data presented are the mean � SEM of 3 inde-
pendent experiments.

Orthotopic xenografts
U251 (2.5 � 105) cells or CD133þ NSC11 cells (1.0 � 105)

transduced to express luciferase and GFP with the lentivirus
LVpFUGQ-UbC-ffLuc2-eGFP2 (19)were intracranially implanted
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into the right striatum of 6- to 8-week-old athymic female nude
mice (Ncr nu/nu; NCI Animal Production Program) at 1.0 mm
anterior and 2.0mm lateral to the bregma to a depth of 3.0mmas
previously described (19). Bioluminescent imaging (BLI) and
local irradiation were all performed as described previously
(19). VX-984 was dissolved in freshly made 5% methylcellulose
anddelivered by oral gavage.Onday 6 (U251) or day 20 (NSC11)
after implantation, consistent BLI was detected in all mice, which
were then randomized according to the signal obtained from BLI
into four groups: vehicle, VX-984, radiation (3 � 3 Gy), and VX-
984 plus radiation (7–8mice/group), and the treatments initiated
the next day. Three Gy was delivered on 3 consecutive days with
VX-984 (dissolved in 5% methylcellulose) delivered by oral
gavage each day 0.5 hour before and 4 hours after irradiation.
For irradiation, mice were anesthetized using a cocktail of keta-
mine/xylazine/acepromazine and placed in well-ventilated Plexi
glass jigs with shielding for the entire torso of the mouse along
with critical normal structures of the head (ears, eyes, and neck).
Radiation was delivered using an X-Rad 320 X-irradiator (Preci-
sion X-Rays, Inc.) with a 2.0 mm aluminum filtration (300 kV
peak; 10 mA) X-ray at a dose rate of 2.9 Gy/minute. All in vivo
irradiation experiments were performed using the same instru-
ment located within the animal facility; output and quality
assurance are performed annually. Mice were monitored every
day until the onset of neurologic symptoms (morbidity). BLI
and weights were measured biweekly (U251) or weekly (NSC11)
after irradiation until the first mouse of the group was lost. All
experiments were performed as approved by the principles and
procedures in the NIH Guide for Care and Use of Animals and

conducted in accordance with the Institutional Animal Care and
Use Committee.

Statistical analysis
For in vitro experiments, statistical significance was deter-

mined using a two-tailed Student t test. For in vivo studies,
statistical significance was determined using a one-tailed Stu-
dent t test for immunoblot analyses. For in vivo survival studies,
Kaplan–Meier survival curves were generated and log-rank
values calculated. Statistical significance of median survivals
was calculated using Mann–Whitney test. Values of P < 0.05
were considered significant.

Results
DNA-PKcs phosphorylation at Ser2056 is typically used as an

indicator of its activation in human cells (20). Thus, initial studies
defined the effects of VX-984 on radiation-induced DNA-PKcs
phosphorylation in two representative models of GBM: U251
cells, a long establishedGBMcell line, andNSC11, aprimaryGBM
stem-like cell line (GSC). For these experiments, VX-984 was
added to culture media at the indicated concentration 1 hour
before irradiation with cells collected for immunoblot analysis 1
hour after irradiation. Because NSC11 cells are more radiosensi-
tive than U251 cells as measured by clonogenic analysis (15), to
evaluate DNA-PKcs phosphorylation at similar survival levels,
NSC11 and U251 cells were irradiated with 6 and 10 Gy, respect-
fully. As shown in Fig. 1A and B, whereas DNA-PKcs phosphor-
ylation was induced after irradiation of U251 and NSC11 cells,
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Figure 1.

Effects of VX-984 on DNA-PKcs
phosphorylation in vitro. A, U251 or B, NSC11
cells were treated with the specified dose of
VX-984 1 hour before irradiation (10 Gy for
U251; 6 Gy for NSC11), collected 1 hour after
irradiation, and subjected to immunoblot
analysis. Blots are representative of two
independent experiments.
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consistent with previous reports using other cell lines (20), VX-
984 treatment alone had no effect. When VX-984 was delivered 1
hour before irradiation, there was a concentration-dependent
decrease in radiation-induced DNA-PKcs phosphorylation in
each glioma line. Neither treatment nor the combination altered
levels of total DNA-PKcs.

The effect of VX-984on the radiosensitivity ofU251 andNSC11
was determined using a clonogenic survival assay. For this anal-
ysis, VX-984was added to culturemedia 1hour before irradiation;
24 hours after irradiation the media were replaced with fresh,
drug-free media and colonies determined after 10 to 12 days
(U251) or 16 to 18 days (NSC11). As shown in Fig. 2A, VX-984
enhanced the radiosensitivity of U251 cells in a concentration-
dependent manner with DEFs (dose enhancement factor at a
surviving fraction of 0.10) of 1.4 and 2.1 at 100 and 250 nmol/L,
respectively. Surviving fractions after VX-984 exposure alone were
1.14� 0.03 and 1.07� 0.09 at 100 and 250 nmol/L, respectively.
The radiosensitivity of NSC11 cells was also increased in a
concentration-dependent manner by VX-984 (Fig. 2B), withDEFs
of 1.1, 1.5, and 1.9 at 100, 250, and 500 nmol/L, respectively.
Surviving fractions after VX-984 exposure alone were 1.05� 0.08,
0.94 � 0.09 and 0.95 � 0.09 at 100, 250, and 500 nmol/L,
respectively. These results indicate that although VX-984 alone
has no effect of clonogenic survival, it enhances the radiosensi-
tivity of GBM cells.

Because VX-984 was added 1 hour before irradiation, redistri-
bution into a radiosensitive phase of the cell cycle is unlikely to
account for the observed radiosensitization. Therefore, toward to
defining the mechanism responsible, we focused on the putative
role of DNA-PKcs in the repair of radiation-induced DSBs. To
determine whether this is the mechanism through which VX-984
enhances the radiosensitivity of GBM cells, DSB repair was eval-
uated in U251 and NSC11 cells using gH2AX foci and neutral
comet analyses. The level of radiation-induced DSBs corresponds
to the number of gH2AX foci induced per cell whereas gH2AX
dispersal correlates with DSB repair (21). To assess the effect of

VX-984 on DSB induction and repair, gH2AX foci were deter-
mined as a function time after irradiation (2 Gy). Specifically, VX-
984 was added to culture media 1 hour prior to irradiation with
cells collected for foci determination at the specified times after
irradiation. Initial experiments established that after irradiation,
gH2AX foci levels in U251 andNSC11 cells return to unirradiated
levels by 16 and 24 hours, respectively, which were then used as
the latest time points evaluated. For both U251 and NSC11, VX-
984hadno effect on the number of radiation-induced gH2AX foci
at 1 hour, suggesting that VX-984 had no effect on the initial level
of radiation-induced DSBs (Fig. 3A and B). However, at 16 hours
for U251 and 24 hours for NSC11 following irradiation, a
significant increase in the number of gHA2X foci was detected
in VX-984–treated cells compared with vehicle alone. The persis-
tence of gH2AX foci in irradiated cells that were treated with VX-
984 suggests an inhibition of DNA DSB repair. For the neutral
comet assay VX-984 was added to culture media 1 hour before
exposure to10Gyand cells collected for analysis at times out to 24
hours after irradiation (Fig. 3C andD). For both cell lines, VX-984
treatment significantly slowed the repair of radiation-induced
DSBs, which was detectable by 3 hours. The DSBs remaining at
24 hours reflect residual radiation-induced damage, which was
increased in VX-984–treated cells, and is consistent with an
increase in radiation-induced cell death. Thus, data generated
from the gH2AX and neutral comet assays indicate that VX-984
inhibits the repair of radiation-induced DSBs and suggests that
this is the mechanismmediating the observed radiosensitization.

To determine whether the VX-984–mediated radiosensitiza-
tion extends to a relevant in vivomodel, we used orthotopic brain
tumor xenografts. First, the ability of VX-984 to inhibit radiation-
induced DNA-PKcs phosphorylation was tested in U251 intrace-
rebral xenografts. VX-984 (100 mg/kg) was delivered by oral
gavage at 1 or 4 hours before irradiation; 1 hour after irradiation
tumors were harvested and subjected to immunoblot analysis
(Fig. 4A and B). In these studies, Sox2 expression, which is specific
for the human tumor cells, was used as a loading control. As
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Figure 2.

Effects of VX-984 on radiosensitivity.A,U251 orB,NSC11 cellswere plated as single cells at clonogenic density and allowed to attach overnight. VX-984was added to
culture at the indicated concentration 1 hour before irradiation; 24 hours after irradiation, media were removed and fresh drug-free media were added.
Colony-forming efficiencywas determined 10 to 12 days later for U251 and 16 to 18 days later for NSC11. Survival curveswere generated after normalizing for cell killing
induced by VX-984 alone. Values shown represent the means � SEM for 3 independent experiments.
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shown, 10 Gy resulted in a significant induction of DNA-PKcs
phosphorylation in the U251 tumors. VX-984 treatment 4 hours
before irradiation prevented the increase in DNA-PKcs phosphor-
ylationwith a similar degree of inhibition achievedwhen the drug
was delivered only 1 hours prior to 10 Gy. In an independent
experiment (Fig. 4C and D), we compared the effects of 50 and
100 mg/kg VX-984 delivered 4 hours before irradiation on DNA-
PKcs phosphorylation. Both doses of VX-984 reduced the levels
DNA-PKcs phosphorylation after irradiation. These results indi-
cate that VX-984 penetrates the BBTB to inhibit radiation-induced
DNA-PKcs phosphorylation in brain tumor xenografts and that
this inhibitory activity continues out to at least 4 hours after drug
treatment.

Based on these results, a protocol was designed to test the
antitumor effectiveness of the VX-984/radiation combination.
For U251 tumors, at 6 days after intracerebral implant mice
were randomized according to BLI signal into 4 groups: vehicle
(control), radiation (3 Gy), VX-984 (50 mg/kg), and VX-984
plus radiation and treatment begun the following day. VX-984

was delivered twice a day (50 mg/kg, oral gavage) at 30 minutes
before and 4 hours following local irradiation of the tumor
(3 Gy) for 3 consecutive days (3 � 3 Gy). Mice were followed
until the initial onset of morbidity and survival curves gener-
ated. In addition, BLI was performed on each treatment group
until the initial mouse in that group was designated as morbid.
VX-984 alone had no effect on U251 growth rate, reflected by
BLI ratio, as compared with control; radiation alone resulted in
a growth delay, which was increased in the combination
treatment (Fig. 5A). As shown in Fig. 5B, VX-984 treatment of
U251 tumors alone had no significant effect on overall survival
as compared with vehicle; radiation alone resulted in an
increase in survival. The survival of mice receiving the combi-
nation protocol was significantly increased as compared with
vehicle and, importantly, as compared with radiation alone.
The median survival times for the treatment groups are shown
in the boxplots in Fig. 5C. Whereas the median survival after
VX-984 was the same as vehicle, radiation alone increased
median survival by 14 days and the combination by 32 days
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Influence of VX-984 on DNA DSB repair. A to B, Radiation-induced gH2AX foci formation and dispersal. U251 (A) or NSC11 (B) cells were exposed to VX-984 (250
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versus vehicle, indicating that the combinationprotocol increased
tumor radiosensitivity with an apparent DEF of 2.3. VX-984 alone
did not adversely affect mouse weight nor did the combination
protocol as compared with vehicle (Fig. 5D).

The same protocol was applied to NSC11 brain tumors with
randomization according to BLI on day 20 after implant. VX-
984 alone had no effect on NSC11 growth rate, reflected by BLI
ratio, as compared with control; radiation alone resulted in a
minimal growth delay, which was increased in the combination
treatment (Fig. 6A). As shown in Fig. 6B, VX-984 treatment of
NSC11 tumors alone had no effect on overall survival as
compared with vehicle; radiation alone resulted in a nonsig-
nificant increase in survival. The survival of mice receiving the
combination protocol, however, was significantly increased as
compared with vehicle and, importantly, as compared with
radiation alone. The median survival times for the treatment
groups are shown in the boxplots in Fig. 6C. Whereas the
median survival after VX-984 was increased by 1 day as com-
pared with vehicle, radiation alone increased median survival
by 10 days and the combination by 21 days versus vehicle,
indicating that the combination protocol increased tumor
radiosensitivity with an apparent DEF of 2.0. VX-984 alone

did not adversely affect mouse weight nor did the combination
protocol as compared with vehicle (Fig. 6D). Thus, these results
indicate that VX-984 enhances the radiosensitivity of 2 GBM
orthotopic xenograft models.

Discussion
Glioblastoma recurrence following radiotherapy occurs at an

extremely high rate and within the initial radiation treatment
volume, indicating that GBM cells in situ are highly radioresistant
(22). One approach to developing agents that may overcome
GBM radioresistance is to target molecules involved in the repair
of radiation-induced DSBs, which in solid human tumors pri-
marily occurs through the NHEJ pathway (23, 24). Initiation of
NHEJ is dependent on DNA-PK, which is composed of DNA-
binding proteins and the more readily targetable kinase DNA-
PKcs. In support of DNA-PKcs as a potential target for radio-
sensitization, its knockdown using siRNA was shown to enhance
the radiosensitivity of liver, bone, colon, and oral cancer cell lines
(25–27). The significance of its kinase domain in radiosensitivity
was established using a panel of Chinese hamster ovarian (CHO)
cell lines that contained site-directed mutation(s) that abolished
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Figure 4.

Effects of VX-984 on DNA-PKcs phosphorylation in orthotopic xenografts initiated from U251 cells. At 18 days after orthotopic implant, mice were randomized
according to BLI and treatment initiated 2 days later as described. A, Western blot and (B) densitometry analysis of pDNA-PKcs levels in tumors collected
from mice treated with VX-984 (100 mg/kg) or 5% methylcellulose (vehicle) by oral gavage at 1 or 4 hours before irradiation (10 Gy). C, Western blot and (D)
densitometry analysis of pDNA-PK levels of mice treated with VX-984 (50mg/kg or 100mg/kg) or vehicle by oral gavage 4 hours before irradiation (10 Gy). Tumors
were collected 1 hour after irradiation for immunoblot analysis. Human-specific Sox2 was used as a loading control, and relative pDNA-PKcs levels were
determined by setting the radiation only samples at 1.0. Values shown represent the means � SEM for 3 mice, � , P < 0.05 according to one-tailed Student t
test (10 Gy þVX-984 vs. 10 Gy).
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the kinase activity of DNA-PKcs; each of these cell lines was
extremely radiosensitive as compared with parental controls
(28). Consistent with laboratory results, clinical studies also
suggested a role for DNA-PKcs as a determinant of therapeutic
response. Increased expression or activity of DNA-PKcs has been
reported to correlate with poor overall survival of patients with B-
cell chronic lymphocytic leukemia, ovarian, liver cancer, and
neuroblastoma (29–32). With respect to the response to radio-
therapy, elevated DNA-PKcs expression was reported to correlate
with recurrence of prostate tumors (33, 34) anddecreased survival
of patients with GBM (35). These studies thus implicate DNA-
PKcs as a potential target for tumor radiosensitization.

Toward translating this information into the clinic, small
molecule inhibitors selective for DNA-PKcs have been devel-
oped (10). Whereas such inhibitors have been shown to
enhance the in vitro radiosensitivity of a variety of human
tumor cell lines including glioma (32, 36–40), whether any

cross the blood–brain tumor barrier at sufficient concentrations
and are thus suitable for GBM treatment has not been reported.
As shown here, VX-984 inhibits the radiation-induced DNA-
PKcs phosphorylation in human GBM cell lines in vitro, which
is accompanied by an inhibition of DSB repair and enhanced
radiosensitivity. These results are similar to those reported for
other DNA-PKcs inhibitors on the in vitro radioresponse of
human tumor cell lines. However, in addition to in vitro
analyses, we extended the VX-984 experiments to an in vivo
brain tumor model. Initially, the oral administration of VX-984
to mice was shown to inhibit the radiation-induced DNA-PKcs
phosphorylation in orthotopic brain tumor xenografts, indic-
ative of the drug penetrating the blood–brain tumor barrier at
the necessary concentration. Targeting of DNA-PKcs with VX-
984 under these orthotopic conditions was then shown to
enhance the radiation-induced brain tumor growth delay and
the radiation-induced prolongation of survival.
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Figure 5.

Influence of VX-984 on the radioresponse of U251 orthotopic xenografts. At 6 days after intracranial implantation initiated from U251 cells, mice were randomized
according to BLI and treatment initiated the following day (7 mice/group). Mice were treated with VX-984 (50 mg/kg) or vehicle by oral gavage 30 minutes
before and 4 hours after irradiation (3 Gy; IR) for 3 consecutive days. Bioluminescent (BLI) and weight measurements were recorded biweekly until the first
onset of morbidity per treatment group. Mice were followed until the onset of morbidity. A, BLI measurements of individual groups, values shown represent the
means � SEM. B, Kaplan–Meier survival curves with log-rank analysis for comparison (� , P ¼ 0.03). C, Boxplot of median survival with Mann–Whitney test
(� , P ¼ 0.04). D, Weight measurements of treatment groups. Values shown represent the means � SEM.
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Because DNA-PKcs has been defined as a critical component of
NHEJ, a potential complication of the VX-984/radiation combi-
nation is enhanced normal tissue toxicity. Along these lines, Dong
and colleagues reported that the DNA-PKcs inhibitor NU7441
enhanced the in vitro radiosensitivity of mouse embryonic fibro-
blasts as measured by a clonogenic assay (41). In contrast, using
proliferation as a measure of radiosensitivity, the DNA-PKcs
inhibitor NU7026 was reported to enhance the radiosensitivity
of human neuroblastoma cell lines, but not normal human
fibroblast cell lines (32). Given that the brain is composed
primarily of noncycling cells, the relevance of these in vitro results
to the potential normal tissue toxicity after brain irradiation is
unclear. However, in the studies presented here, there was no
excessive weight loss detected in mice receiving VX-984/radiation
combination protocol. Moreover, no acute skin toxicity on the
head (site of irradiation) was observed during or after the treat-
ment. Although no overt toxicity attributed to VX-984 was
detected in these experiments using immunodeficient athymic

nude mice, given that VX-984 penetrates the blood–brain tumor
barrier, additional studies, including the use of immunocompe-
tent mice, may be required to determine whether VX-984
enhances radiation-induced CNS injury.

In this study,we showed that VX-984 significantly enhanced the
antitumor effectiveness of a fractionated irradiation protocol in
two orthotopic GBM models. VX-984 administration alone did
not affect tumor growth rate or the survival of tumor bearingmice,
indicating that this DNA-PKcs inhibitor operates as a classic
radiosensitizing agent (42). VX-984 is currently undergoing a
First-in-HumanClinical Trial as a single agent and in combination
with pegylated liposomal doxorubicin against advanced solid
tumors. The results presented here suggest that delivery of this
DNA-PKcs inhibitor in combination with radiotherapy may
improve GBM treatment response.
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Figure 6.

Influence of VX-984 on the radioresponse of NSC11 orthotopic xenografts. At 20 days after intracranial implantation of CD133þ NSC11 cells, mice were
randomized according to BLI and treatment initiated the following day (7 mice/group in vehicle and VX-984; 8 mice/group in IR and IR þ VX-984). Mice were
treated with VX-984 (50 mg/kg) or vehicle by oral gavage 30 minutes before and 4 hours after irradiation (3 Gy; IR) for 3 consecutive days. Bioluminescent
(BLI) and weight measurements were recorded weekly until the first onset of morbidity per treatment group. Mice were followed until the onset of
morbidity. A, BLI measurements of individual groups, values shown represent the means � SEM. B, Kaplan–Meier survival curves with log-rank analysis for
comparison (P ¼ 0.004). C, Boxplot of median survival with Mann–Whitney test (P ¼ 0.005). D, Weight measurements of treatment groups; values
shown represent the means � SEM.
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