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BACKGROUND: Most solid tumours contain regions of sub-optimal oxygen concentration (hypoxia). Hypoxic cancer cells are more
resistant to radiotherapy and represent the most aggressive fraction of a tumour. It is therefore essential that strategies continue to be
developed to target hypoxic cancer cells. Inhibition of the DNA damage response (DDR) might be an effective way of sensitising
hypoxic tumour cells to radiotherapy.
METHODS: Here, we describe the cellular effects of pharmacological inhibition of the apical DDR kinase ATR (Ataxia Telangiectasia and
Rad 3 related) with a highly selective inhibitor, VE-821, in hypoxic conditions and its potential as a radiosensitiser.
RESULTS: VE-821 was shown to inhibit ATR-mediated signalling in response to replication arrest induced by severe hypoxia. In these
same conditions, VE-821 induced DNA damage and consequently increased Ataxia Telangiectasia Mutated-mediated
phosphorylation of H2AX and KAP1. Consistently, ATR inhibition sensitised tumour cell lines to a range of oxygen tensions.
Most importantly, VE-821 increased radiation-induced loss of viability in hypoxic conditions. Using this inhibitor we have also
demonstrated for the first time a link between ATR and the key regulator of the hypoxic response, HIF-1. HIF-1 stabilisation and
transcriptional activity were both decreased in response to ATR inhibition.
CONCLUSION: These findings suggest that ATR inhibition represents a novel strategy to target tumour cells in conditions relevant to
pathophysiology and enhance the efficacy of radiotherapy.
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The induction of DNA damage by either chemo or radiotherapy
has proved to be an effective strategy for cancer therapy,
particularly for certain cancers such as testicular and ovarian
(Einhorn, 2002; Agarwal and Kaye, 2003). Despite this, many
tumours show little or poor response and this has been attributed
to the presence of efficient and overlapping DNA repair pathways.
A key component of the cellular defence against the cytotoxic
effects of DNA damage is a detection and repair network known as
the DNA damage response (DDR) (Jackson and Bartek, 2009).
Upstream signalling components of the DDR are recruited to sites
of DNA damage where they act to trigger checkpoints that
transiently arrest the cell cycle and directly stimulate repair. Two
key regulatory proteins are the phosphoinositol 3-kinase-like
serine/threonine protein kinases (PIKK) ATM (Ataxia Telangiec-
tasia Mutated) and ATR (Ataxia Telangiectasia and Rad 3 related)
(Kastan and Bartek, 2004; Cimprich and Cortez, 2008). Ataxia
Telangiectasia Mutated is recruited to sites of double-strand breaks
induced, for example, by ionising radiation, while ATR is recruited
to single-stranded DNA coated with replication protein A. This
single-stranded DNA structure arises when DNA replication forks
stall. This occurs during normal replication (for example at fragile

sites) or during replication arrest induced by severe hypoxia as
well as in response to certain DNA-damaging drugs, such as cross-
linkers, antimetabolites and topoisomerase inhibitors (Hammond
et al, 2002; Sogo et al, 2002; Zou and Elledge, 2003; Glover et al,
2005). In response to hypoxia, the replication arrest has been
attributed to a rapid decrease in nucleotide levels, which may in
turn be a result of reduced ribonucleotide reductase activity in the
absence of oxygen (Pires et al, 2010).

Substantial research effort has been directed at therapeutically
targeting the DDR. Disruption of ATR through depletion,
expression of kinase-dead protein or inhibition with weak or
partially selective inhibitors has demonstrated a pivotal role for
ATR in the repair of DNA damage and in subsequent cell survival
(Cliby et al, 1998; Nghiem et al, 2001; Hurley et al, 2007; Wilsker
and Bunz, 2007; Nishida et al, 2009). Additional studies using the
genetic or chemical inhibition of ATR function have hinted at the
therapeutic benefit of ATR inhibitors in increasing the effect of
conventional cancer therapies. For example, S. pombe lacking the
ATR homologue rad3 were identified as being sensitive to both
ionising radiation and UV (Nasim and Smith, 1975). More recent
studies have demonstrated that functional inhibition of ATR leads
to increased sensitisation of cancer cells to oncogenic stress (Gilad
et al, 2010; Schoppy et al, 2012). In addition, it has been shown
that cells expressing a kinase-dead mutant ATR are radiosensitive
when compared with wild-type cells due to compromised
homologous recombination repair (Wang et al, 2004). Similar
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effects were observed in ATR-Seckel cancer cells (Hurley et al,
2007). Furthermore, NU6027, a compound originally developed as
a CDK2 inhibitor but also identified as a potent ATR inhibitor, was
shown to sensitise the breast cancer cell line MCF7 to ionising
radiation (Peasland et al, 2011).

Regions of hypoxia develop in solid tumours essentially because
the cellular demand for oxygen exceeds the available supply. The
principle causes of this are the limited diffusion distance of oxygen
in tumours and the inefficient tumour vasculature (Chitneni et al,
2011). Rapid and frequent variations in red blood cell flux lead
to cycling hypoxia, that is, periods of hypoxia followed by
reoxygenation (Yasui et al, 2010). The degree of tumour hypoxia
is extremely relevant to patient outcome as regions of tumour
hypoxia present a significant barrier to cancer therapy (Hockel
et al, 1993). Hypoxic cells are more resistant to both chemo and
radiotherapy and have a more aggressive phenotype (Graeber et al,
1996; Bristow and Hill, 2008). Therefore, it is important that
targeted agents be developed for eradicating cancer cells in
hypoxic conditions. Current approaches to achieve this include
the development of novel agents, such as HIF-1 inhibitors, or the
strategies to increase the sensitivity of hypoxic cancer cells to
existing therapy modalities (Melillo, 2007; Onnis et al, 2009; Begg
et al, 2011). One of the consequences of hypoxia is the repression
of DNA repair pathways, which has been associated with increased
chemo/radioresistance and genomic instability (Bristow and Hill,
2008; Olcina et al, 2010).

Inhibition of the DDR is likely to be an effective way of
sensitising hypoxic cells to cancer therapy (Olcina et al, 2010). For
example, we have previously shown that depletion of ATR using
siRNA promotes cancer cell death under hypoxic conditions
(Hammond et al, 2004). The absence of selective inhibitors has
made it difficult to investigate the value of targeting ATR as a
therapeutic strategy. However, the selective ATR inhibitor VE-821
(3-amino-6- (4-(methylsulfonyl) phenyl)-N-phenylpyrazine-2-
carboxamide) was recently described (Charrier et al, 2011; Reaper
et al, 2011). Inhibition of ATR using VE-821, either alone or in
combination with DNA-damaging agents promotes cytotoxicity in
cancer cells but only a reversible growth arrest in normal cells,
thus demonstrating a therapeutic window for treatment. In this
study we have determined that the ATR inhibitor VE-821
significantly reduces hypoxia-induced ATR signalling and that
this leads to a loss of cancer cell viability. In addition a decrease in
HIF–1-mediated signalling was observed when ATR was inhibited
in hypoxic conditions. Most importantly, VE-821 increased
radiation-induced loss of viability in both normal and
hypoxic conditions. These data suggest that inhibition of
ATR in combination with standard therapies will be an impor-
tant approach in the future to target the hypoxic fraction of
tumours.

MATERIALS AND METHODS

Cell lines and spheroid growth

RKO, HCT116 and DLD1 (colorectal), U2OS (osteosarcoma),
MG-U87 (glioblastoma), MDA-MB-231 and MDA-MB-468 (breast),
VmCub1 (bladder), HeLa (cervical), SKmel28 and IGR39 (mela-
noma), RCC4 (renal carcinoma) and SQ20B (head and neck)
human cancer cell lines were maintained in DMEM with 10% FBS.
Spheroids were grown using MG-U87 cells and were formed using
the liquid overlay method. In brief, exponentially growing
monolayers were trypsinised and 104 cells were seeded in regular
growth medium onto a 1% agar-coated well of a 24-well plate. In
all, 12–24 spheroids were grown per condition. Spheroids were
grown for 7–10 days until the average diameter was approximately
400mm. Media was replaced every 2 days. Spheroids were imaged
using a Nikon Eclipse TE2000-E microscope (Nikon UK Limited,

Kingston Upon Thames, UK) and measured using the ImageJ
software (NIH). All cell lines were routinely mycoplasma tested
and found to be negative.

Drug treatments

VE-821 (3-amino-6- (4-(methylsulfonyl) phenyl)-N-phenylpyra-
zine-2-carboxamide) provided by Vertex Pharmaceuticals
(Europe) Ltd (Oxfordshire, UK). ATMi KU55933 (2-morpholin-4-
yl-6-thianthren-1-yl-pyran-4-one) was obtained from Calbiochem
(Darmstadt, Germany).

Clonogenic survival assay

After treatment colonies (450 cells) were allowed to form for 10–14
days. Colonies were then stained with methylene blue and counted.

Hypoxia treatment

Hypoxia treatments were carried out in a Bactron II anaerobic
chamber (Shell labs) or an In vivo2 400 (Ruskinn). For experiments
at p0.02% O2 cells were plated on glass dishes. Where no period of
reoxygenation is indicated, cells were harvested inside the chamber
with equilibrated solutions. Oxygen concentrations were verified
in the cell culture dish using an Oxylite probe (Oxford Optronix,
Oxford, UK).

Irradiation

Cells were irradiated using a Cs-137 irradiator (GSM:GSR D1; dose
rate 1.938 Gy min� 1). For irradiation in hypoxic conditions cells
were sealed in equilibrated air-tight boxes and transported to the
source. To validate this methodology, the HIF-1a levels of cells
incubated in the hypoxic boxes were determined (Supplementary
Figure S1).

Immunoblotting

Cell monolayers or spheroids were lysed in UTB (9 M urea, 75 mM

Tris-HCl pH 7.5 and 0.15 M b-mercaptoethanol) and sonicated
briefly. Antibodies used were Chk2-T68, p53-S15, Chk1-S296,
Chk1-S317 and Chk1-S345 (Cell Signaling Technologies, Danvers,
MA, USA), KAP1-S824, (Bethyl Laboratories, Inc., Montgomery,
AL, USA), ATM-S1981 (Epitomics, Inc., Burlingame, CA, USA),
p53 and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
gH2AX (Upstate-Millipore, Billerica, MA, USA), HIF-1a (BD
Biosciences, Oxford, UK) and GLUT-1 (Abcam, Cambridge, UK).
The Odyssey infrared imaging technology was used (LI-COR
Biosciences, Lincoln, NE, USA).

Immunofluorescence

53BP1 (Novus Biologicals, Ltd, Cambridge, UK) staining was
carried out as previously described (Bencokova et al, 2009).
Because of the presence of 1–2 53BP1 foci in the nuclei of
unstressed cells induction of DNA damage was quantified by
counting cells with more than 6 foci. Cells were visualised using a
Nikon 90i microscope (Nikon). For imaging of hypoxic regions,
spheroids were incubated with EF5 (final concentration 200 mM) for
6 h prior to fixation. Spheroids were soaked in 4% PFA overnight,
washed in PBS and then soaked with 1% Sucrose-PBS. Spheroids
were embedded in OCT and stored at � 20 1C. Serial sections of
8–10mm were cut and mounted onto poly-L-lysine-coated slides.
EF5 binding was detected with Cy-3 conjugated ELK3-A8
monoclonal antibody, as previously described (Woods et al,
1996; Qayum et al, 2009). ELK5-A8 antibody and EF5-competed
stain (ELK5-A8þEF5) were obtained from the Department of
Radiation Oncology, University of Pennsylvania.
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Single-molecule DNA fibre analysis

DNA fibres were generated as previously described (Wilsker et al,
2008; Pires et al, 2010). Fibre spreads were imaged using a Bio-Rad
Radiance confocal microscope and analysed using ImageJ software
(NIH). At least 200 replication structures were counted and at least
100 replication tracks were measured per experiment.

Scratch wound assay

Scratch wound assays were carried out as described previously
(Coutts et al, 2011). Wounds were imaged with a Nikon Eclipse
TE2000-E microscope (Nikon) using � 4 objective at the wound
mark just prior to being placed in hypoxia (p0.02% O2) after
which they were imaged again.

Reporter assay

Cells were transfected with 5� -HRE-luc or pSV-bgal (80 ng per
well) using Lipofectamine 2000 (Invitrogen Life Technologies,
Grand Island, NY, USA), alongside pCMV-Renilla (0.2 ng per well)
for normalisation. Media was replaced with media containing
DMSO or VE-821 and placed in hypoxia for the times indicated.
Firefly and Renilla luciferase activities were measured using the
Dual Glo Luciferase assay (Promega, Madison, WI, USA).

Quantitative real-time PCR

Quantitative real-time PCR was performed as previously
(Hammond et al, 2006) using the Thermo Scientific Verso
QRT–PCR following manufacturers recommendations (Thermo
Scientific, Erembodegem, Belgium). Reactions were carried out in
a 7500 Fast real-time PCR detection system (Applied Biosystems,
Carlsbad, CA, USA). GLUT-1 expression levels were normalised to
18S rRNA.

siRNA transfection

HIF-1 siRNA (sense 50-CUGAUGACCAGCAACUUGAdTdT-30) or
Stealth RNAi negative control (Invitrogen Life Technologies) at a
final concentration of 50 nM were transfected into MDA-MB-231
cells using DharmaFECT (Thermo Scientific) according to the
manufacturers’ instructions.

Statistical analysis

Statistical significance of differences between means of at least
n¼ 3 experiments was determined using Student’s t-test (P-values
indicated accordingly in figure legend or main text). Error bars
represent þ /� s.e.m.

RESULTS

VE-821 radiosensitises cancer cells

Inhibition of ATR is predicted to increase sensitivity to radiation
(Wang et al, 2004; Hurley et al, 2007; Gilad et al, 2010; Peasland
et al, 2011; Schoppy et al, 2012). We have determined whether the
combination of VE-821 and radiation significantly increased
cancer cell killing compared with radiation alone. We exposed a
variety of cell lines from a number of tumour types to a range
of radiation doses in the presence or absence of VE-821 (1 mM)
(Figure 1). As loss of p53 has been demonstrated to be synthetic
lethal with loss of ATR, we considered which of the cell lines used
expressed wild-type vs mutant p53 (Ruzankina et al, 2009; Reaper
et al, 2011). However, it should be noted that the presence of wild-
type p53 does not guarantee functionality of the p53 response and
we have not investigated this here. We observed that the presence
of VE-821 induced a significant enhancement of radiation-induced
clonogenic cell death in all the cancer cell lines shown. These
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Figure 1 VE-821 radiosensitises various cell lines. RKO, HCT116, DLD1, SKmel28, IGR39, RCC4, HeLa, U2OS, SQ20B, MDA-MB-231, MDA-MB-468
and VmCub1 cells were treated with DMSO or 1mM VE-821 for 6 h and then exposed to a range of radiation doses. Colonies were counted after 8–12
days. Cells with reported WT TP53 are indicated with z. Significance values: *Po0.05; **Po0.005; ***Po0.0005.
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results clearly show that VE-821 can increase sensitivity to
radiation and that this effect is independent of tumour type.

VE-821 inhibits the growth of cancer cells in 3D spheroid
models

We have used 3D spheroid models to determine if VE-821 had a
growth inhibitory effect in tumour models. The glioblastoma cell
line, MG-U87 was chosen as it can be grown to form large
spheroids. Media containing fresh VE-821 (1 mM) was replaced
every other day and the average spheroid size measured over
several days (Figure 2A). Treatment with VE-821 resulted in a
significant decrease (P¼ 0.0196) in the growth rate of the
spheroids. Using EF5 as a hypoxia marker, we determined that
the spheroids used in these experiments (Figure 2B) contained
hypoxic regions (Koch, 2002). These data indicate that VE-821 can
decrease the growth of tumour models and that potentially VE-821
affects the growth/viability of hypoxic cells. Because of the
relevance of the presence of hypoxic regions for the treatment of
most solid tumours, we investigated the effect of VE-821 treatment
on cells exposed to a range of hypoxic conditions.

VE-821 inhibits hypoxia-induced ATR signalling and
induces DNA damage

The range of oxygen tensions within a tumour can vary from
normal (8% O2) to moderate hypoxia (1–2% O2) to severe hypoxia/
anoxia (p0.02%O2) (Brown, 2007). We have previously

demonstrated that conditions of severe hypoxia induce replicative
stress and an ATR/ATM-mediated DDR (Hammond et al, 2002).
Therefore, we first investigated the effect of VE-821 in these
conditions. Hypoxia-induced phosphorylation of Chk1, a known
target of ATR, was significantly decreased in response to VE-821
(over 15-fold) (Figure 3A, quantification shown in Supplementary
Figure S2). As described previously, the total levels of Chk1
decreased with exposure time to hypoxia (p0.02% O2) (Pires et al,
2010). Hypoxia-induced p53 phosphorylation at serine 15 was also
decreased in response to VE-821, although to a lesser degree (two-
fold). These observations confirm the inhibition of hypoxia-
induced ATR activity by VE-821. In contrast, neither phospho-
rylation of Chk2 nor of ATM was affected by VE-821 supporting
the previous findings that this compound does not inhibit ATM-
mediated signalling. In fact, some phosphorylation events
associated with ATM activity in hypoxia were increased
(Bencokova et al, 2009; Pires et al, 2010). The levels of both
KAP1-S824 and gH2AX were increased two-fold (Figure 3A,
Supplementary Figure S2). The levels of DNA damage, measured
by the appearance of 53BP1 foci, were determined in response to
VE-821 treatment in hypoxic conditions (p0.02% O2) (Figure 3B).
As previously reported, hypoxia alone did not induce an
accumulation of nuclear 53BP1 foci (Bencokova et al, 2009).
However, in the presence of VE-821, a significant level of DNA
damage was detected in hypoxia. This is consistent with ATR
protecting stalled replication forks in hypoxia (p0.02% O2). These
data suggest that while ATR activity was inhibited by VE-821 in
hypoxia, DNA damage was induced and potentially ATM activity
was increased.

VE-821 affects replication kinetics in normoxia and after
reoxygenation

Depletion of ATR has been shown to affect replication rates and
origin firing in normal unstressed conditions (Syljuasen et al,
2005). We have shown previously that inhibition of Chk1 during
periods of severe hypoxia affects reoxygenation-induced replica-
tion restart (Pires et al, 2010). To investigate the role of ATR in
normal replication and after reoxygenation-induced restart, RKO
cells were treated with VE-821 and single-molecule DNA fibre
analysis was carried out. In both normoxia and reoxygenation, the
number of new origins fired was significantly increased in the
presence of VE-821 (Figures 3C and D). This is in accordance with
recent reports in which hypoxia-activated ATR represses unsched-
uled origin firing (Martin et al, 2011). In addition, ATR inhibition
led to an overall decrease in the average speed of on-going forks in
both normoxia and reoxygenation (Figure 3E and F). The effect of
VE-821 on origin firing and fork speed in normoxia confirms the
role of ATR in mediating unstressed replication. Importantly, the
availability of a specific ATR inhibitor has allowed us to verify that
these changes are likely a result of ATR signalling to Chk1 in these
conditions (Pires et al, 2010).

Hypoxic tumour cells show increased sensitivity to VE-821

We have shown previously that impaired ATR expression
sensitises cells to severe hypoxia and reoxygenation (Hammond
et al, 2004). To expand on this finding, we have used VE-821 in a
range of oxygen tensions and determined its effect on viability by
colony survival assay. As expected, RKO cells exposed to p0.02%
O2 in the presence of VE-821 (1mM) were significantly more
sensitive to hypoxia/reoxygenation than DMSO-treated cells
(Figure 4A). These effects were anticipated because these condi-
tions are known to induce a replication arrest and are therefore
supportive of a role for ATR in maintaining fork stability. DNA
replication is however unaffected by exposure to the milder levels
of hypoxia (Pires et al, 2010). Surprisingly, VE-821 also sensitised
cells to moderate hypoxia (2% O2) and subsequent reoxygenation
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going forks (average speeds are indicated). Significance values: *Po0.01, **Po0.001, ***Po0.0001.
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(Figure 4B). Moreover, cells exposed to hypoxia were more
sensitive to VE-821 than those in normoxic (20% O2) conditions
(Figure 4C, Supplementary Figure S3). In support of this finding,
we observed that treatment of cells with VE-821 under moderate
hypoxia increased the sub G1 population after reoxygenation
suggesting that apoptosis had been induced (data not shown). We
have demonstrated that loss of ATR activity through VE-821
treatment impacts replication in the absence of additional stress
(Figure 3C and E). However, as replication rates are unaffected
by exposure to moderate hypoxia (Pires and Hammond, unpub-
lished), this affect of VE-821 is predicted to be the same in
normoxic and hypoxic conditions. We hypothesised that the
increased sensitivity to VE-821 seen in cells exposed to hypoxia/
reoxygenation compared with normoxia might be a result of
differences in DNA damage accumulation and repair. Therefore,
we investigated the accumulation of DNA damage in response to
VE-821 over the time periods used for the clonogenic survival
assay. Prolonged exposure (24 h) to VE-821 in either normoxia or
hypoxia (1% O2) led to an increase in DNA damage, as measured
by the accumulation of 53BP1 foci (Figure 4D). These data indicate
that prolonged exposure to VE-821 induces DNA damage in both
normoxic and hypoxic conditions. However, there was a
significant increase in reoxygenation-induced DNA damage in
the cells exposed to VE-821 (Figure 4D). Moreover, we observed
that addition of VE-821 immediately prior to reoxygenation
decreased colony survival suggesting that the failure to repair
reoxygenation-induced damage is significant (Supplementary
Figure S4). Furthermore, we and others have shown that DNA
repair pathways are repressed in a range of hypoxic conditions,
leading to lower repair efficiencies (Bristow and Hill, 2008; Yoo
et al, 2009; Chan et al, 2010). We propose that the repression of
DNA repair by both hypoxia and ATR inhibition renders hypoxic
cells more sensitive to DNA-damaging events, such as reoxygena-
tion or cancer therapy.

VE-821 increases radiation-induced cell killing in
physiologically relevant hypoxic conditions

As the efficacy of radiotherapy is compromised by tumour hypoxia
and this is a major barrier to successful treatment, we evaluated
the combination of radiation and VE-821 in a range of
hypoxic conditions (Begg et al, 2011). RKO cells were exposed to
a range of oxygen concentrations (0.5–2.0% O2) for 24 h in the
presence of 1 mM VE-821 or DMSO before being irradiated
at the doses indicated while still in hypoxic conditions. At 1 h
after irradiation, the cells were returned to normal culture
conditions to allow colonies to form. Significant increases in
radiation-induced loss of viability was seen in response to VE-821
at 2% O2 (Figure 5A), 1% O2 (Figure 5B) and 0.5% O2 (Figure 5C).
To gain some insight into the clinical benefits of ATR
inhibition during radiotherapy, we again used the 3D spheroid
model. Spheroids were grown as previously from the MG-U87 cell
line and once grown irradiated (1 Gy) every day for 5 days.
Media containing DMSO or 1 mM VE-821 was refreshed every 2
days through the duration of the experiment. The growth curves of
the spheroids during and post treatments are shown (Figure 5D).
The effect of VE-821 as a single agent was observed as noted
previously (Figure 2A). Spheroids treated with radiation grew
significantly slower (P¼ 0.0089) than the mock treated. However,
most importantly there was a significant decrease (P¼ 0.0022) in
growth in those irradiated in the presence of VE-821 compared
with the DMSO control. These results indicate that VE-821 is an
effective radiosensitiser in hypoxic conditions, as well as in in vitro
tumour models. As shown previously, the spheroids contained
hypoxic regions, demonstrated here by the presence of stabilised
HIF-1a and increased GLUT-1 levels (Figure 5E). Interestingly,
treatment with VE-821 reduced GLUT-1 levels suggesting the
possibility that treatment with VE-821 had decreased HIF-1
activity.
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VE-821 transiently inhibits HIF-1 stabilisation and activity

It was demonstrated recently that in hypoxic conditions ATM
phosphorylates HIF-1a (Cam et al, 2010). In agreement with this
finding, we found that a specific ATM inhibitor reduced HIF-1a
accumulation in hypoxia (2% O2) as well as induction of a well-
characterised HIF-1 target, GLUT-1 (Supplementary Figure S5). As
ATM and ATR share substrates, we hypothesised that ATR might
also phosphorylate HIF-1a. RKO cells were exposed to p0.02% O2

for up to 2 h with VE-821. Western blotting demonstrated that the
levels of HIF-1a were significantly reduced in the presence of VE-
821 (1.5 to 2-fold) (Figure 6A, Supplementary Figure S6A and B).
The reduction of HIF-1a stabilisation in response to treatment
with VE-821 was also noted during more prolonged periods of
hypoxia up to 18 h (Supplementary Figure S6C). We hypothesised
that the decreased HIF-1a levels in response to VE-821 would
decrease transcriptional transactivation of target genes such as
GLUT-1 (Cam et al, 2010). To address this, we measured GLUT-1
mRNA levels by qRT–PCR (Figure 6B) and also used a HIF-1
reporter system (Figure 6C). In both cases, the data indicate a
decrease in HIF-1-mediated transcription in response to VE-821.
Interestingly, the effects seen were most significant at early time
points (up to 6 h). After longer exposures, there was no significant
difference in HIF-1 activity with VE-821 (Supplementary Figure
S6D). However, decreased levels of both GLUT-1 and LDH-A
protein were observed in response to VE-821 in cells exposed up to
18 h of hypoxia (Supplementary Figure S6C). Next, we investigated
whether HIF-1 inhibition by VE-821 had any significant effect on a
hypoxia-mediated biological process. We used the scratch assay as
a means of measuring wound closure in hypoxia. The highly motile
cell line MDA-MB-231 was grown to near confluence, wounded
and placed in hypoxic conditions (p0.02% O2). The degree of
wound closure was significantly decreased in the presence of
VE-821 (Figure 6D). Importantly, this effect was restricted to the

hypoxic cells, as the inhibitor had no effect on the motility of cells
in normoxia (Supplementary Figure S7). To clarify the role of
HIF-1 in the mechanism by which VE-821 decreases cellular
motility of hypoxic cells, we used siRNA to knock down HIF-1. As
expected, HIF-1 knockdown alone lead to decreased motility in
hypoxia (Figure 6D). However, this decrease was not affected by the
presence of VE-821. These observations indicate that the inhibitory
effect of VE-821 on hypoxic cell motility is dependent on HIF-1.

DISCUSSION

Our in vitro studies demonstrate that cancer cells are sensitised to
hypoxia/reoxygenation by the highly specific ATR inhibitor, VE-
821. As part of this study, we have also shown for the first time that
inhibition of ATR leads to a decrease in HIF-1-mediated signalling.
We propose that this is a result of decreased phosphorylation of
HIF-1 by ATR, potentially on residue serine 696, although this
remains to be formally proven (Cam et al, 2010). Our findings
support recent studies demonstrating a clear overlap between the
DDR and HIF signalling pathways (Cam et al, 2010; Bouquet et al,
2011). In addition to this link between the DDR and hypoxia-
mediated signalling, ATR has recently been shown to have a role in
hypoxia-induced angiogenesis. Economopoulou et al (2009)
demonstrated that endothelial cells require ATR signalling to
H2AX for efficient angiogenesis and that this is independent of
HIF-1. We have restricted out studies to date to tumour cells rather
than endothelial cells but hypothesise that VE-821 might have anti-
angiogenic properties (Rankin et al, 2009). Here our own findings
show that ATR inhibition had a transient effect on HIF-1 in vitro.
The finding that both ATM and DNA-PK can phosphorylate HIF-1
likely explains this, especially as our data suggests that VE-821
increases hypoxia-induced ATM activation. Despite this, ATR
inhibition by VE-821 did decrease cell motility in hypoxic
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Figure 6 VE-821 inhibits HIF-1 signalling. (A) RKO cells were exposed to p0.02% O2 for the times indicated in the presence of DMSO or 1mM VE-821.
Western blotting was carried out for HIF-1a and b-actin (loading control). Representative blots of n¼ 3 experiments are shown. (B) The levels of GLUT-1
mRNA were determined by qRT–PCR. 18S was used as the control. (C) RKO cells were transiently transfected with a HIF-1 reporter construct and
exposed to hypoxia as indicated. The levels of luciferase relative to the renilla control are shown. (D) MDA-MB-231 cells were transfected with either Scr
(scramble) or HIF-1 siRNA and scratch wound assays were carried out in the presence of DMSO or 1mM VE-821. Western blot showing efficiency of
knockdown is shown in inset. The graph represents the percentage of wound closure after 18 h exposure to hypoxia (p0.02% O2). Significance values:
*Po0.05, **Po0.01.

Targeting radiation-resistant hypoxic tumour cells

IM Pires et al

297

& 2012 Cancer Research UK British Journal of Cancer (2012) 107(2), 291 – 299

T
ra

n
sl

a
ti

o
n

a
l

T
h

e
ra

p
e
u

ti
c
s



conditions and that this effect was dependent on HIF-1. Inhibition
of HIF-1 activity is an attractive therapeutic aspect to VE-821
activity, particularly as the compensation by ATM may be less
relevant in tumours as ATM expression is frequently lost (Yu et al,
2004; Ye et al, 2007; Ding et al, 2008; Jiang et al, 2009; Cam et al,
2010). It is clear that the linking of two pathways so critical to
tumour development and progression will have a significant
impact on cancer therapy.

In general, radiotherapy is the most effective cancer therapy
available. A caveat of this is the reduced efficacy of radiotherapy in
hypoxic cancer cells (Sprong et al, 2006; Begg et al, 2011). This
study clearly demonstrates the potential benefit of combining an
ATR inhibitor with radiotherapy for effective targeting of cancer
cells in physiological conditions. Significantly, we observed a
positive effect of combining VE-821 and radiation over a range of
oxygen concentrations, and not just under severe hypoxia
(p0.02–2% O2). Given the previously described role of ATR in
the response to hypoxia-induced replication arrest in severely
hypoxic conditions, this was not surprising (Hammond et al, 2002;
Hammond et al, 2004). However, we also found that cells exposed
to moderate levels of hypoxia (0.5–2% O2) were more sensitive to
VE-821 than those maintained in normal tissue culture conditions.
Our data is consistent with the hypothesis that this is due to the
induction of DNA damage by prolonged VE-821 treatment in a
background of hypoxia-repressed DNA repair. This finding is
highly significant as due to the challenges of delivering
chemotherapeutics to the hypoxic regions of tumours an agent,
which is effective against moderately hypoxic regions as well as the
more severe areas, is optimal.

It is likely that ATR inhibitors will also be effective in
combination with a number of other cancer therapies currently
in development. Recently NU6027, a compound originally devel-
oped as a CDK2 inhibitor, was found to be a more potent inhibitor
of ATR and was shown to sensitise cells to commonly used
anticancer chemotherapeutics including temozolomide (Peasland
et al, 2011). Using this inhibitor, Peasland et al (2011) were also
able to demonstrate synthetic lethality when NU6027 was used in
combination with a PARP inhibitor. This work further underscores
the potential of ATR inhibitors as novel anticancer agents and
suggests they will have particular value in targeting hypoxia-
associated radioresistance.
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