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Abstract
Hypoxia inducible factor-1 (HIF-1) promotes tumor cell

adaptation to microenvironmental stress. HIF-1 is up-

regulated in irradiated tumors and serves as a promising

target for radiosensitization. We initially confirmed that

the orally bioavailable HIF-1 inhibitor PX-478 reduces

HIF-1 protein levels and signaling in vitro in a dose-dependent

manner and provides direct radiosensitization of hypoxic

cancer cells in clonogenic survival assays using C6

glioma, HN5 and UMSCCa10 squamous cells, and Panc-1

pancreatic adenocarcinoma cell lines. However, PX-478

yields striking in vivo tumor sensitization to single-dose

irradiation, which cannot be explained by incremental

improvement in direct tumor cell killing. We show that

PX-478 prevents postradiation HIF-1 signaling and abro-

gates downstream stromal adaptation in C6 and HN5

reporter xenografts as measured by serial ultrasound, vas-

cular magnetic resonance imaging, and hypoxia response

element–specific micro–positron emission tomography

imaging. The primacy of indirect PX-478 in vivo effects

was corroborated by our findings that (a) either concurrent

or early postradiation sequencing of PX-478 provides

roughly equivalent sensitization and (b) constitutive vas-

cular endothelial growth factor expression maintains re-

fractory tumor vessel function and progression following

combined radiation and PX-478. These results confirm

that disruption of postradiation adaptive HIF-1 signaling

by PX-478 imparts increased therapeutic efficacy through

blockade of HIF-1–dependent reconstitution of tumor stro-

mal function. Successful translation of targeted HIF-1

radiosensitization to the clinical setting will require spe-

cific consideration of tumor microenvironmental effects

and mechanisms. [Mol Cancer Ther 2009;8(4):947–58]

Introduction
Tumor hypoxia is known to contribute to tumor radioresis-
tance and poor clinical outcomes (1–3). The presence of ox-
ygen during radiation exposure is necessary to achieve
generation of free oxygen radicals and DNA damage for tu-
mor killing and is the basis for the so-called “oxygen effect”
(4). Tumor cells that survive hypoxic stress are selected for
reduced apoptotic potential, increased anaerobic glycolysis,
tolerance to extracellular acidity, increased migration, and
angiogenic signaling. The biological cornerstone of these
hypoxia-specific stress responses is the hypoxia inducible
factor (HIF) family of transcription factors (5). HIF-1, the
best studied member, is a heterodimer consisting of a tightly
regulated HIF-1α subunit and a constitutively expressed
HIF-1β subunit. Low oxygen levels enhance HIF-1 expres-
sion through increased protein stability (6), leading to
downstream expression of genes affecting angiogenesis,
glycolysis, apoptosis, differentiation, and proliferation.
Targeted inhibition of HIF-1 signaling has generated in-

terest for inhibiting tumor growth (7) and overcoming resis-
tance to radiation and chemotherapy (8). Targeted HIF-1
blockade would be expected to provide a broader efficacy
than inhibition of downstream effectors such as vascular en-
dothelial growth factor (VEGF), with fewer available path-
ways of resistance (9). Selective HIF-1 inhibitors are entering
early clinical testing (7, 10). PX-478 (S-2-amino-3-[4′-N,N,-
bis(chloroethyl)amino]phenyl propionic acid N-oxide dihy-
drochloride) is a novel agent that suppresses constitutive
and hypoxia-induced HIF-1 in cancer cell lines by inhibiting
HIF-1 translation (11). PX-478 shows promising activity
against human tumor xenografts (12, 13) and is unique
among HIF-1 inhibitors undergoing clinical evaluation in
that it is orally bioavailable (10).
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We investigated the mechanisms and efficacy of PX-478
radiosensitization in vitro and in vivo. We confirmed that
PX-478 inhibits HIF-1 signaling in a dose-dependent man-
ner and provides direct radiosensitization in hypoxic condi-
tions. The therapeutic efficacy of PX-478 improves markedly
in vivo, where it provides durable inhibition of tumor
growth following single-fraction radiation. This seems to
be achieved less through autonomous cancer cell effects
than through blockade of HIF-1–dependent angiogenic tu-
mor adaptation to radiation. Serial ultrasound, vascular
magnetic resonance imaging (MRI), and positron emission
tomography (PET) detection of HIF-1 tumor signaling con-
firm inhibition of postradiation HIF-1–mediated recovery of
tumor stromal function with PX-478. PX-478 does not re-
quire concurrent sequencing with radiation and can provide
durable growth inhibition if given sequentially after irradi-
ation. Constitutive VEGF expression restores refractory tu-
mor progression following combined radiation and PX-478.
Together, our data support a mechanistic model in which
tumor radioresistance is predominantly mediated by tu-

mor-stromal interactions and by the capacity of tumor to
compensate for radiation-induced vascular damage through
ischemic HIF-1–dependent angiogenic signaling. Inhibition
of postradiation HIF-1 signaling with PX-478 is a promising
strategy to disrupt this adaptive cascade and to overcome
tumor radioresistance.

Materials and Methods
Cell Lines

Rat C6 glioma and human Panc-1 pancreatic adenocar-
cinoma cell lines were obtained from the American Type
Culture Collection, whereas human HN5 and UMSCCA10
head and neck squamous carcinoma cell lines were ob-
tained from Dr. Luka Milas (The University of Texas
M. D. Anderson Cancer Center). C6 and HN5 HIF-1 re-
porter cells were stably transfected with a bifunctional
reporter consisting of herpes simplex virus 1-thymidine
kinase (HSV-tk) and green fluorescent protein (GFP) under
transcriptional control of the hypoxia response element

Figure 1. PX-478 inhibits hypoxic HIF-1 protein expression and signaling activity in a dose-dependent manner. A, HN5 and UMSCCA10 cells were
treated with PX-478 at indicated concentrations for 24 h under normoxic (air, 5% CO2) or hypoxic (1% O2, 5% CO2, 94% N2) conditions. Western blots
were quantified by densitometry relative to actin. Columns, normalized mean absorbance values plotted from triplicate experiments; bars, SE. B, C6 HIF-1
reporter cells were created via stable transfection with a bifunctional genetic reporter consisting of HSV-tk and GFP under transcriptional control of the
hypoxia response element (HRE-tk/eGFP-cmvRed 2XPRT). Cells were treated with PX-478 at concentrations ranging from 0.1 to 200 μmol/L, with or
without concurrent 150 μmol/L CoCl2 chemical stimulation of HIF-1 signaling for 24 h. Experiments were repeated in hypoxic conditions, with cells incu-
bated at 1% O2 (hypoxia, via chamber) for 24 h and then treated with PX-478 at equivalent concentrations for 24 h. HIF-1–dependent GFP signal nor-
malized to beacon RFP signal was measured in quadruplicate. Points, mean; bars, SE. C, VEGF protein per milligram of total secreted protein measured by
ELISA in supernatant medium from HN5 and UMSCCa10 cells cultured in normoxic or 1% O2 (24 h, via chamber) conditions, with or without 24-h treatment
with indicated concentrations of PX-478. Points, mean from three separate experiments; bars, SD. ***, P < 0.001.
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(HRE-tk/eGFP-cmvRed 2XPRT) as described previously
(14, 15). This construct generates intranuclear GFP signal
and HSV-tk retention of the radiolabeled gancyclovir ana-
logue 2′-18F-fluoro-2′-deoxy-5-ethyl-1-β-D-arabionofurano-
syluracil (18F-FEAU), allowing in vivo PET imaging of
tumor cell HIF-1 signal. C6 cells constitutively expressing
murine VEGF (C6-V) were generated via stable transfection
with a pBLAST49-mVEGF v21 plasmid (InvivoGen) using
Lipofectamine 2000 per manufacturer's protocol. C6 cells
transfected with empty parental plasmid were created as
controls. Transfected C6-V cells were initially selected with
Blasticidin S (10 μg/mL) and subsequently selected for
expression of secreted VEGF and hypoxia-stimulated GFP
signal.
Hypoxia Assays

For experiments in hypoxic conditions, culture flasks
and plates were incubated for noted times and sequences
at 37°C in humidified hypoxic air (1% O2, 5% CO2, 94%
N2) using an InVivo Hypoxic Workstation 400 with a Ru-
skin hypoxic gas mixer (Biotrace International).

Western Blotting

Western blotting for nuclear HIF-1 protein was done
as described previously (11). Blots were quantified using
ImageQuant software (GE Healthcare), using actin as a
loading control. Nuclear extracts were prepared using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce Biotechnology).
Soluble VEGF ELISA Quantification

HN5 and UMSCCA10 cells were plated in triplicate
onto 6-cm dishes and cultured with DMEM serum-free
medium. After specified treatments, cell culture media
were collected. The media were further diluted, and se-
creted VEGF165 and VEGF 121 protein isoform levels
per milligram of total secreted protein were quantified
by an ELISA kit (R&D System), according to the manufac-
turer's protocol.
PX-478 Dose Response Determination

C6 HIF-1 reporter cells in log phase growth were distrib-
uted into 96-well plates at 3 × 103 cells/50 μL. For nor-
moxic conditions, cells were grown overnight and then

Figure 2. PX-478 directly radiosensi-
tizes tumor cells in vitro. C6, HN5,
Panc-1, and UMSCCA10 cells were
grown in monolayer cultures for 24 h un-
der normoxic (air, 5% CO2) or hypoxic
(1% O2, 5% CO2, 94% N2) conditions.
Cells were either left as untreated con-
trols or treated with 25 μmol/L PX-478
for 24 h with atmospheric conditions
held constant. Cells were irradiated with
increasing doses (2, 4, or 6 Gy) of radia-
tion with atmospheric treatment condi-
t ions mainta ined. The ce l ls were
assayed for colony-forming ability by re-
plating at specified numbers into six-well
plates in a drug-free medium. The cells
were immediately plated after irradiation,
maintained for 12 d in normoxic condi-
tions to allow for repopulation of surviv-
ing clones, stained, and counted.
Clonogenic survival curves were con-
structed from at least three independent
experiments by fitting the average sur-
vival levels using least squares regres-
sion by the linear quadratic model.
Normoxia, control ( ); hypoxia, con-
trol ( ); normoxia, PX-478 treated
( ); hypoxia, PX-478 treated ( ).
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treated with PX-478 at 0.1 to 200 μmol/L, with or without
concurrent 150 μmol/L CoCl2 for 24 h. Experiments were
repeated in hypoxic conditions, with C6 HIF-1 reporter
cells incubated at 1% O2 for 24 h and then treated
with PX-478 at equivalent concentrations for 24 h. HIF-1–
dependent GFP signal normalized to beacon RFP signal
was determined by fluorescence spectrometry via an auto-

mated TECAN Freedom Evo microplate reader. Cells were
assayed in quadruplicate wells. Cell viability was con-
firmed via 4-h WST-1 metabolism (Clontech). EC50 graph
plotting was done with GraphPad Prism v.4.
Clonogenic Survival Assays

C6, HN5, Panc-1, and UMSCCA10 cells were grown to
70% confluence and incubated at 21% O2 (normoxia) or

Figure 3. PX-478 inhibits tumor HIF-1

signaling in vivo and markedly enhances
growth delay in C6 and HN5 xenografted
tumors following single-fraction radiation.
A, 18F-FEAU PET imaging of C6 reporter
xenografts (n = 8–10 in each study co-
hort) treated with 30 mg/kg PX-478 with
or without 8 Gy single-fraction irradiation
(XRT). Each series of images was obtained
from the same animal at indicated time
points. PX-478 was administered on days
1 and 2 of the time course, after baseline
images had been obtained. Dashed yellow

circle, location of each tumor on PET
images. Animals are oriented with head at
the top of each image; nonspecific bladder/
kidney signal is seen below due to urinary
excretion of 18F-FEAU. Points, mean va-
lues for maximum TMR of 18F-FEAU accu-
mulation; bars, SE (top right). Points, mean
values for tumor volumes across time;
bars, SE (bottom right). B, C6 reporter xe-
nograft tissue was harvested at indicated
time points for immunohistochemical stain-
ing for HIF-1–dependent GFP expression
(•), downstream VEGF expression (▴),
and hypoxia-dependent retention of pimo-
nidazole (▪). Points, mean values (n = 4
tumors × 5 tissue sections) of expression
levels normalized to baseline values; bars,
SE. C, 18F-FEAU PET imaging of HN5
reporter xenografts (n = 6 per cohort)
treated with 30mg/kg PX-478with or with-
out 8 Gy single-fraction irradiation. Points,
mean values for maximum TMR and tumor
volumes, plotted as in A; bars, SE.
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1% O2 (hypoxia, via chamber) for 24 h. Cells were treated
with 25 μmol/L PX-478 for 24 h and irradiated with a
137Cs source (5.8 Gy/min), with atmospheric conditions
maintained. Cells were assayed for colony formation by
replating at specified numbers into six-well plates in a
drug-free medium. The cells were immediately plated
after irradiation, maintained for 12 d in normoxia, and
stained with 0.5% crystal violet in absolute ethanol. Col-
onies with >50 cells were counted. Clonogenic survival
curves were constructed from at least three independent
experiments.
In vivo Tumor Xenografting and Antitumor Studies

C6 or HN5 cells (2 × 106) were implanted s.c. into nu/nu

mice. Xenografts grew to 100 to 150 mm3 over 2 wk. Tumor
volumes were calculated by digital calipers as π/6 [(short
axis in mm)2 × (long axis in mm)]. Animals were handled
according to the Institutional Animal Care and Utilization
Committee guidelines. Mice were stratified into groups of
8 to 10 animals having equal mean tumor volumes. When
tumors reached ≥2,000 mm3 or became necrotic, animals
were euthanized.
Animal Irradiation/PX-478 Treatment

Irradiated tumors received 8 Gy radiation via 60Co
unit (1.8 Gy/min) with custom shielding. PX-478 was

synthesized in The University of Texas M. D. Anderson
Cancer Center Department of Experimental Therapeutics
and delivered via p.o. gavage at 30 mg/kg × 2 consecu-
tive days. Untreated control xenografts underwent mock
irradiation.
Immunohistochemical Staining and Analysis

Pimonidazole (25 mg/mL) was injected i.v. 60 min be-
fore sacrifice. Tumors were fixed in 4% formaldehyde/
PBS and processed into paraffin and sectioned at 4-μm
thickness. Four tumors for each treatment condition
were collected, bisected, and then serially sectioned
(10 adjacent sections, 5 μm thickness) at 100- to 150-μm in-
tervals in either direction. Immunohistochemical staining
was done on a Vision Biosystems Bondmax automated
slide stainer (VBS). Nuclei were visualized by hematoxylin.
GFP and VEGF were detected by using rabbit polyclonal
antibodies from Abcam and R&D Systems, respectively.
Pimonidazole adducts were stained using a FITC-labeled
monoclonal antibody, followed by a horseradish peroxidase–
conjugated anti-FITC polyclonal antibody (Hypoxyprobe-1
Plus, Chemicon). Specificity of staining was evaluated via
nonspecific control antibodies. Images were acquired using
a Nikon e90i microscope with automated stage and a Roper
Coolsnap K4 digital camera (Roper Scientific) through a

Figure 3. Continued.
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Figure 4. Durable inhibition of posttreatment tu-
mor stromal recovery in C6 tumor xenografts follow-
ing combined PX-478 and radiation. A, power
Doppler ultrasound measurements of tumor blood
flow at noted time points following treatment with
8 Gy alone, 30 mg/kg PX-478 × 2 d, or combined
treatment (n = 6 per cohort). Timing of respective
treatments following baseline imaging (day 0) are not-
ed, with radiation administered on day 1 and PX-478
administered after baseline imaging on days 0 and 1.
For combined radiation and PX-478 treatment, ani-
mals received the first dose of PX-478 the day before
irradiation and the second dose 4 h before irradiation.
Vascular area in tumor was calculated by color pixel
density (CPD) for each tumor, defined as the ratio of
the number of color pixels within the tumor to total
number of pixels. Points, mean values for tumor color
pixel density; bars, SE. Results for combined PX-478
and radiation treatment at day 7 were compared with
baseline values; **, P < 0.005. B, serial DCE-MRI
Ktrans mapping for C6 xenografts treated with 8 Gy
with or without 30 mg/kg PX-478 × 2 d (n = 5 per
cohort). Timing and sequencing of treatments were
kept consistent with those described above. Points,
mean tumor Ktrans values; bars, SE. Results for radia-
tion treatment alone at day 2 were compared with
baseline values; *, P < 0.05.
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plan-apo 4× objective. Sections were imaged in their entirety
and quantitatively analyzed using Compix SimplePCI
(Compix, Inc.) software.
MicroPET Whole Animal Imaging
18F-FEAU was synthesized using a modified no-carrier

added procedure (16). For each time point and study
condition, 6 to 10 mice were injected (i.v.) with 100 μCi
(100 μL) of 18F-FEAU. Fifteen-minute static images were
acquired under inhalation anesthesia using a microPET
scanner (Concorde Microsystems, R4). Images were re-
constructed by using ordered subset expectation maximi-
zation algorithm. Regional radioactivity concentrations
(kBq/cm3 or μCi/cm3) for 18F-FEAU was estimated from
regions of interest drawn around the tumor or organ on
trans-axial slices of the reconstructed image sets. The ra-
dioactivity uptake in tumor (kBq/cm3 or μCi/cm3) was
converted to percent injected dose per gram (% ID/g).
Tumor tracer uptake was normalized to background
muscle uptake and quantified as a maximal tumor-to-
muscle ratio (TMR) averaged from three separate levels
on axial projection, measured in triplicate with standard-
ized 3- to 7-pixel diameter two-di mensional regions of
interest.
Ultrasound Imaging

Ultrasound imaging of xenografts was done with a Vevo
770 unit (VisualSonics), using a single-element transducer
with 40-MHz center frequency. Power Doppler settings
were held constant at 25-dB Power Doppler gain, 5-kHz
pulse repetition rate, and 2.5 mm/s wall filter with
2 mm/s scan speed. Initial imaging of tumor was done in
B-mode to discriminate tumor boundaries, and Doppler
images were acquired for a manually delineated region of
interest encompassing the entire tumor. Vascular area in
tumor was calculated by color pixel density, defined as
the ratio of the number of color pixels to total number of
pixels within the region of interest.
MRI Imaging

Serial dynamic, contrast-enhanced (DCE)-MRI was ac-
quired using a 4.7-T Biospec USR47/40 (Bruker Biospin
MRI, Inc.) with a 35-mm linear volume resonator and
60-mm micro-imaging gradients. A three-plane rapid
acquisition relaxation enhanced imaging sequence was
used to confirm animal positioning, and coronal T2-
weighted rapid acquisition relaxation enhanced images
(TE/TR 70/4,000 ms, FOV 4 cm × 3 cm, matrix 256 ×
192, rapid acquisition relaxation enhanced factor 12) were
used for tumor localization. Axial T1-weighted spin-echo
images (TE/TR 8.5 ms/700 ms, FOV 4 cm × 3 cm, matrix
256 × 192) were acquired before and after administration
of 0.2 mL/kg gadopentetate dimeglumine (Gd-DTPA:
Magnevist, Berlex Laboratories). DCE-MRI data were ac-
quired using a multislice fast spoiled gradient-recalled
echo sequence (TE/TR 1.4/40 ms, FOV4 cm × 3 cm, ma-
trix 128 × 96, 35 excitation angle, 3.8 s/repetition, 100
repetitions). Baseline images were collected for 1 min be-
fore injection of the contrast agent. A generalized kinetic
model was applied to manually segmented data using
Matlab (The Mathworks).

Statistical Testing

The significance of differences between pooled results
from indicated study groups was tested via the Student's
t test or one-way ANOVA with GraphPad Prism v.4.

Results
PX-478 Inhibits HIF-1 Signaling in a Dose-Dependent

Manner

Western blotting confirmed dose-dependent reductions of
nuclear HIF-1 protein levels in hypoxia-stimulated HN5 and
UMSCCA10 cells (Fig. 1A). PX-478 inhibited the activity of
a HIF-1–dependent GFP reporter construct transfected into
C6 cells exposed to chemical hypoxia (150 μmol/L CoCl2,
24 hours) or moderate physical hypoxia (1% O2, 24 hours;
Fig. 1B), with an IC50 value of 49.2 μmol/L. Twenty-five
micromoles per liter of PX-478 inhibited expression of
soluble VEGF, a downstream protein regulated by HIF-1,
in hypoxic HN5 and UMSCCa10 cells (110 pg/mg total
protein versus 255 pg/mg in untreated HN5 cells, P <
0.001; 121 pg/mg versus 242 pg/mg in untreated UMSC-
Ca10 cells, P < 0.001; Fig. 1C). PX-478 did not affect baseline
VEGF secretion in normoxic cells.
PX-478 Provides Direct Radiosensitization In vitro

Clonogenic survival assays done with C6, HN5,
UMSCCa10, and Panc-1 cells show direct radiosensitiza-
tion of hypoxic cells (1% O2) treated 24 hours before ra-
diation with 25 μmol/L PX-478 (Fig. 2). PX-478 treatment
elicited minimal sensitization of normoxic cells. PX-478
provided consistent hypoxic radiosensitization across all
cell lines [for C6, a SF2 (enhancement factor at 0.2 surviv-
ing fraction) of 1.42 versus 1.06 was shown in 1% and
21% O2 conditions, respectively; for HN5, 1.37 versus
1.08; for UMSCCa10, 1.40 versus 1.07; and for Panc-1,
1.42 versus 1.05).
PX-478 Inhibits Adaptive Postradiation Tumor HIF-1

Signaling In vivo and Provides Durable Enhancement

of Radiation Growth Delay

Using C6 HIF-1 reporter cells, we characterized postra-
diotherapy tumor HIF-1 signaling via serial in situ
18F-FEAU-PET imaging of nu/nu mouse cohorts (n = 10)
over 8 days. Radiation at 8 Gy induced delayed up-regu-
lation of HIF-1 activity in C6 reporter cells at 48 hours
[mean TMR of 18F-FEAU accumulation = 4.51 ± 0.23 (SE)
versus 3.97 ± 0.11 for controls, P < 0.05) and peaked by
day 6 posttreatment (mean maximum TMR = 7.85 ± 0.24
versus 5.77 ± 0.18 for controls, P < 0.005). Timing of HIF-1
up-regulation at 48 hours was corroborated by serial im-
munohistochemical staining of tumor tissue (Fig. 3). HIF-1
up-regulation was heterogeneous and tightly localized to
discrete viable regions within tumors. HIF-1 activity nor-
malized by day 8 to levels seen in controls (mean maxi-
mum TMR = 5.64 ± 0.22 versus 5.21 ± 0.17 for controls,
P = n.s.), indicating reconstitution of tumor microenviron-
mental conditions. Identical findings were seen in a HN5
reporter xenograft model (n = 6). HIF-1 up-regulation was
accompanied by delayed yet uninterrupted tumor growth.
These findings suggest that in vivo cancer radioresistance
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is closely associated with the ability of vascularized tu-
mors to generate compensatory HIF-1–dependent stromal
revascularization and subsequent resolution of ischemia.
We therefore hypothesized that HIF-1 inhibition with PX-
478 would provide superior radiosensitization in vivo than
what was suggested by our in vitro assays.
We next confirmed in vivo PX-478 activity via 18F-FEAU-

PET imaging of tumor HIF-1 signal activity. We treated
nu/nu mice with C6 or HN5 reporter xenografts with
30 mg/kg p.o. PX-478 for 2 consecutive days. PX-478 pre-
vented the expected appearance of HIF-1 transcriptional
activity in central ischemic regions of C6 tumors (n = 8–
10, mean maximum TMR = 1.83 ± 0.87 SD at day 2, ver-
sus 3.97 ± 0.41 in untreated tumors, P < 0.01; Fig. 3A). By
day 4 after PX-478 treatment, there was reemergence of
HIF-1 signaling and tumor growth. A significant increase
in mean maximum TMR was seen by day 8 (5.23 ± 0.83
versus 1.86 ± 0.44 at baseline, P < 0.001). Similar findings
were confirmed in HN5 reporter xenograft tumors (n = 6),
although these cells seemed more resistant to single-agent

treatment. A brief rebound in HIF-1 signal was seen after
drug release, accompanied by an acceleration of tumor
growth, which ended by day 6. Subsequent experiments
confirmed continued albeit slow HN5 xenograft growth
past this time point.
Treatment (8 Gy) of C6 reporter xenografts given 4 hours

after a 2-day course of 30 mg/kg PX-478 durably inhibited
HIF-1 transcriptional activity (mean maximum TMR =
1.35 ± 0.09 at day 8 postradiation, versus 1.97 ± 0.10 at base-
line, P < 0.001; Fig. 3A). This was corroborated by quanti-
fied immunohistochemical staining of C6 tissue (n = 4
tumors × 5 tissue sections) for HIF-1–dependent GFP and
downstream VEGF expression (Fig. 3B). Importantly, tumor
growth ceased over the 8-day posttreatment time course.
Identical findings were observed in HN5 xenografts
(Fig. 3C). This emphasizes not only the central role of
HIF-1 in tumor growth recovery but also suggests that
PX-478 tumor radiosensitization is mediated not through a
direct effect on tumor cells but through interruption of
downstream tumor stromal adaptation.

Figure 5. Sequencing of PX-478 with radiation treatment of C6 and HN5 xenografts shows that in vivo PX-478 radiosensitization is mediated through
effects on tumor stromal adaptation. C6 (n = 8) and HN5 (n = 10) xenograft cohorts were treated with 8 Gy alone, a 2-d course of 30 mg/kg p.o. PX-478
alone, or one of two combined treatment sequences: concurrent, with PX-478 given the day before and 4 h before irradiation, or adjuvant, with a 2-d
course of PX-478 initiated the day following irradiation. A, tumor growth curves. Points, mean volumes; bars, SE. B, serial quantification of %HIF-1/VEGF
staining of C6 xenograft tissue (n = 4 tumors × 5 tissue sections) treated with 8 Gy alone or with the above noted concurrent or adjuvant 30 mg/kg PX-478
treatment. Time 0 refers to pooled pretreatment baseline values. Subsequent time points refer to number of hours following administration of radiation.
Statistical comparisons of results at each time point are with baseline findings. Columns, mean; bars, SE. *, P < 0.05; **, P < 0.005, ***, P < 0.001.
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In situ Imaging Shows Durable Inhibition of Posttreat-

ment Tumor Stromal Recovery in C6 Tumor Xenografts

following Combined PX-478 and Radiation

Irradiation (8 Gy) alone or a 2-day course of 30 mg/kg
PX-478 led to transient disruption of tumor blood flow on
power Doppler ultrasound (n = 6 per cohort). This was
observed within 24 hours following completion of radiation
(74.9% ± 1.1% decrease, P < 0.001) or PX-478 (62.6 ± 5.7%
decrease, P < 0.001). Tumor vessel flow returned toward
baseline at 48 hours, consistent with early vascular adapta-
tion downstream of HIF-1 signaling. In contrast, ultrasound
confirmed durable disruption of tumor vessel flow in C6
xenografts at 7 days following concurrent (day before and
day of radiation) 30 mg/kg PX-478 and 8 Gy (44.7% ±
2.8% decrease from baseline, P < 0.005; Fig. 4A). Serial
DCE-MRI Ktrans mapping with small molecular weight
Gd-DTPA (n = 5 per cohort) showed acutely increased
tumor Ktrans values (578% ± 57% increase, P < 0.05) within
24 hours following radiation (Fig. 4B), consistent with in-
creased tumor vessel permeability. Tumor Ktrans measure-
ments subsequently normalized by 7 days posttreatment.
Single-agent PX-478 treatment has previously been con-
firmed by DCE-MRI to transiently reduce tumor Ktrans

24 hours after administration (13). Concurrent treatment
with 30 mg/kg PX-478 and radiation abrogated postra-
diotherapy VEGF signaling (Fig. 3B) and postradiation
increases in tumor Ktrans (Fig. 4B). Thus, inhibition of early
adaptive HIF-1 signaling events by PX-478 following irradi-
ation disables supportive proangiogenic signaling and
durably blocks tumor vessel recovery.
In vivo PX-478 Radiosensitization Is Mediated by

Effects on Angiogenic Stromal Adaptation to Radiation

To determine the importance of direct PX-478 tumor cell
sensitization at the time of irradiation, we next investigated
whether concurrent administration with radiation was re-
quired for PX-478 in vivo efficacy. We treated nu/nu mice
bearing C6 (n = 8) and HN5 (n = 10) xenograft cohorts with
a 2-day course of 30 mg/kg p.o. PX-478 either concurrently
(given the day before and day of radiation) or adjuvantly
(initiated the day following irradiation) with 8 Gy. Both tu-
mor types displayed varying degrees of in vivo sensitivity to
single-agent PX-478, with HN5 tumors being more resistant
to drug relative to radiation. Nonetheless, concurrent and
sequential PX-478 provided additive sensitization out to
Days 8 to 14 (Fig. 5A). Quantitative immunohistochemical
staining of C6 tumors confirmed that early administration

Figure 6. Downstream angiogenic signaling mediates in vivo PX-478 radiosensitization. C6 cells were stably transfected with a constitutive murine
VEGF expression construct (C6-V) to provide uninterrupted proangiogenic signaling to host mouse stroma. C6-V xenograft cohorts (n = 6) were treated
with 8 Gy with or without a 2-d course of 30 mg/kg p.o. PX-478 given the day before and 4 h before irradiation. A, tumor growth curves. Points, mean
volumes; bars, SE. Inset, secreted VEGF protein in C6-V supernatant medium quantified by ELISA at specified time points following treatment with 8 Gy. B,
serial DCE-MRI Ktrans mapping for C6-V xenografts treated with 8 Gy with or without 30 mg/kg PX-478 × 2 d (n = 5 per cohort). Timing of respective
radiation and drug treatments following baseline imaging at day 0 is as annotated. Points, mean tumor Ktrans values; bars, SE.
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of PX-478 with radiation inhibited adaptive HIF-1 and
VEGF signaling throughout the 8-day time course
(Fig. 5B). Inhibition of HIF-1 and VEGF signaling was less
durable following sequential sequencing. Nonetheless, ad-
juvant PX-478 inhibited the expected peak of ischemic
HIF-1 and VEGF signaling 48 hours following radiation
and inhibited tumor growth.
To directly confirm the significance of PX-478 tumor stro-

mal effects relative to tumor cell radiosensitization, C6 cells
were stably transfected with a constitutive murine VEGF
construct (C6-V) to provide uninterrupted proangiogenic
signaling to host mouse stroma following radiation inde-
pendent of HIF-1 status. Baseline in vitro experiments in
C6-V monolayers cultured in 1% O2 confirmed that VEGF
secretion was not altered following 8 Gy treatment (Fig. 6A);
in addition, in vitro radiation clonogenic survival curves
were unchanged in C6-V cells relative to control C6 cells
or C6 cells transfected with empty parental vector, and
treatment with doses of up to 50 μmol/L PX-478 did not
significantly inhibit elevated levels of secreted protein in
hypoxic C6-V cells (data not shown). On DCE-MRI map-
ping, C6-V xenografts (n = 5) showed a higher baseline
Ktrans than control C6 cells (0.81 ± 0.05 versus 0.42 ± 0.06,
P < 0.001; Fig. 6B), consistent with VEGF effects on vessel
permeability. Unlike control cells, delayed partial reconsti-
tution of refractory growth was observed by day 7 in C6-
V xenografts (n = 6 per cohort) treated with either 8 Gy
alone or with concurrent (day before and day of radiation)
30 mg/kg p.o. PX-478 and 8 Gy. Also, stable, elevated C6-V
tumor Ktrans values were observed after either of these treat-
ments, consistent with continued VEGF angiogenic signal-
ing and downstream tumor vessel permeability effects.
These data show the principal mechanism for PX-478 radio-
sensitization in vivo in C6 xenografts to be inhibition of
HIF-1–dependent proangiogenic signaling, in part mediated
by VEGF.

Discussion
Hypoxia increases the resistance of cancer to radiation treat-
ment (1–3, 17). Within intact tumors, the dynamics and
biological effects of hypoxia are determined by the presence
of distinct tumor and host stromal cell populations that in-
teract to adapt to microenvironmental stress (18). Tumor
cells that successfully adapt to stressful environmental con-
ditions are able to co-opt and then induce stromal blood
vessels to enhance their oxygen and nutrient supply by
paracrine growth factor signaling. HIF-1–stimulated proan-
giogenic tumor cell signaling, such as VEGF expression, is
important to this process (9).
In this current study, we determined that PX-478 provides

inhibition of HIF-1 expression and varying degrees of direct
tumor cell radiosensitization across a spectrum of cell lines
(Figs. 1 and 2). We went on to show that PX-478 yields more
striking radiosensitization to single-dose irradiation in vivo,
greater than what would be expected from an incremental
increase in direct tumor cell killing (Fig. 3). We subsequently
confirmed that PX-478 acts to inhibit postradiation recovery

in vivo through inhibition of HIF-1–dependent stromal re-
constitution (Figs. 4 and 5), which can be partially overcome
by constitutive downstream VEGF angiogenic signaling
(Fig. 6). Our observed effects of PX-478 on tumor stroma
are consistent with a broad blockade of downstream proan-
giogenic pathways responsible for HIF-1–mediated tumor
stress responses and are potentially less vulnerable to paral-
lel adaptive pathways that limit the efficacy of agents tar-
geted to specific downstream proangiogenic proteins, such
as VEGF.
PX-478 has previously been confirmed by vascular MRI

imaging to strongly affect tumor vessel physiology in vivo

(13). The results of single-tracer DCE-MRI imaging depend
acutely on the contrast agent chosen. Ktrans determined by
macromolecular contrast agents are value limited by the
vessel permeability surface area product rather than input
blood flow, whereas results with clinically available low
molecular weight Gd-DTPA (as used in the current study)
depend on both permeability and flow. Previous DCE-
MRI with bovine serum albumin–conjugated Gd-DTPA
showed that single-dose PX-478 causes an acute decrease
in tumor vessel permeability surface area product in HT-
29 cells, which can be seen for at least 24 hours (13). This
paralleled the results seen following treatment with the
anti-VEGF monoclonal antibody bevacizumab, indicating
downstream antiangiogenic activity with PX-478. Available
data for preclinical DCE-MRI characterization of acute radi-
ation tumor effects does not provide consensus character-
ization of early posttreatment stromal effects on account
of use of varying radiation treatment schemas, contrast
agents, and tumor models. Studies using high molecular
weight contrast agents (19–21) showed early incremental
decreases in vessel permeability following fractionated radi-
ation treatment. Kobayashi and colleagues (20), showed an
increase in Ktrans with macromolecular contrast enhanced
MRI 24 hours following a high-dose (15 Gy) signal fraction
treatment. We chose a more moderate single dose (8 Gy) to
facilitate the study of acute tumor cell–dependent stromal
effects while limiting direct endothelial toxicity. Our com-
plementary use of high-frequency ultrasound measurement
of tumor blood flow together with small molecular weight
DCE-MRI shows that radiation yields an acute increase in
Ktrans by 24 hours in C6 xenografts (Fig. 4B), which accom-
panies an acute decrease in tumor blood flow and precedes
ischemic HIF-1 tumor cell signaling detected at 48 hours.
Concurrent HIF-1 blockade with PX-478 completely abro-
gated postradiotherapy VEGF signaling and posttreatment
changes in Ktrans, leading to durable inhibition of postra-
diotherapy tumor vessel function recovery by day 7 (Fig. 4).
This finding indicates that small molecular weight contrast
DCE-MRI detection of increased tumor vessel permeability
following intermediate dose irradiation is driven strongly by
the vascular effects of adaptive tumor VEGF up-regulation
rather than direct disruption of vessel integrity by radiation.
Tissue immunohistochemical staining could not detect ele-
vated global VEGF levels until 48 hours posttreatment;
however, localized ischemic VEGF expression was observed
at 24 hours posttreatment in these tumors (data not shown).
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This localized VEGF expression would be expected both to
support the survival and to increase the permeability of
functioning, refractory tumor vessels imaged by DCE-MRI
at this early time point. Constitutive expression of murine
VEGF by C6-V cells resulted in higher baseline Ktrans values,
which were not significantly affected either by radiation
treatment alone or concurrent radiation and PX-478 (Fig. 6).
Delayed refractory tumor growth was seen following
combined treatment, indicating that VEGF expression can
compensate, albeit not completely, for the pleiotropic antian-
giogenic effects of HIF-1 inhibition. Thus, combined ultra-
sound-MRI imaging confirmed that PX-478 tumor vessel
effects are driven by downstream proangiogenic signaling
events. Unlike macromolecular MRI contrast agents, small
molecular weight Gd-DTPA is currently available for use in
patients. Thus, serial Gd-DTPADCE-MRI imaging is a poten-
tially promising approach for early assessment of treatment
response to PX-478 in the clinical setting.
Adjuvant PX-478 treatment seems roughly equivalent to

concurrent treatment for sensitizing C6 and HN5 xenografts
to single-fraction radiation, again supporting a model in
which HIF-1 inhibition sensitizes tumor cells through indi-
rect microenvironmental effects. Previous studies using ge-
netic knockdown of HIF-1 in HCT-116 and PC-3 xenografts
(22) confirm that HIF-1 inhibition instituted either before or
following radiation sensitizes tumor vessels to radiation
damage. Targeted inhibition of HIF-1 has been confirmed
to provide direct antitumor activity in additional preclinical
studies (23). The ability of PX-478 to both directly and indi-
rectly radiosensitize tumor cells offers the advantage of ad-
dressing multiple microenvironmental niches within
tumors. Direct PX-478 effects would sensitize viable hypoxic
tumor cell populations, whereas indirect stromal effects
would target baseline hypoxic and normoxic tumor regions
alike during the later phase of postradiation adaptation.
This would support concurrent use of PX-478 with radia-
tion, and our data suggest that concurrent PX-478 treatment
with radiation may indeed prove preferable to sequential
sequencing, at least in specific tumor types. Concurrent
treatment provides more durable inhibition of HIF-1 and
VEGF tumor expression in our C6 model (Fig. 5). To explain
this, we observed focal regions of refractory HIF-1 and
VEGF signaling in tumors adjuvantly treated with PX-478.
These regions colocalized to poorly vascularized regions
with low CD105+ vessel density tumor, suggesting reduced
vascular drug delivery following radiation treatment (data
not shown). The logistics of serial multimodality imaging
precluded protracted treatment courses with higher cumu-
lative radiation and drug exposures, necessitating limited
time periods of tumor growth assessment. Follow-up stud-
ies with longer fractionated radiation and drug courses,
which recapitulate current clinical treatment strategies, are
on-going and will permit exploitation of repetitive perturba-
tions of tumor oxygenation status and stromal function with
PX-478. Regardless, the single fraction, higher-dose radia-

tion treatment used in this study with PX-478 remains clin-
ically relevant. High single-dose irradiation yields profound
antivascular effects. High-dose radiation induces endotheli-
al cell dysfunction (24) and/or apoptosis (25) and interrupts
microvascular blood flow due to luminal collapse and
formation of microthrombi (26). Therefore, PX-478 is a
promising complement to the antitumor stromal effects of
high-dose per fraction therapy, such as stereotactic radiosur-
gical strategies currently used in the clinic.
HIF-1 knockdown leads to variable effects across cell types

and our understanding of the mechanistic roles played by
HIF-α family members across individual tumors remains in-
complete. Two additional members of the HIF-α family have
been identified, designated as HIF-2α and HIF-3α. These
proteins heterodimerize with HIF-1β and remain (especially
for HIF-3α) understudied. Despite similarities between HIF-
1α and HIF-2α, there is little redundancy between the down-
stream gene regulation and phenotype of these two proteins
(27, 28). Our own preliminary work suggests that PX-478
also acts a HIF-2 inhibitor5; however, we have found HIF-2
to be only weakly expressed in C6 and HN5 cells.
Blouw et al. (29) have shown that HIF blockade can po-

tentially lead to increased vessel co-option in brain paren-
chyma versus poorly vascularized skin, emphasizing the
importance of the host tissue toward defining the clinical
effects of HIF-1 blockade. In situ spatiotemporal imaging
promises to better clarify adaptive whole tumor treatment
responses across specific host organs and to permit rational
sequencing of radiation and HIF-1–targeted therapy (30).
DCE-MRI of low HIF-1–expressing A-549 xenografts refrac-
tory to PX-478 indicate that such tumors have low baseline
tumor vessel permeability surface area product values
relative to sensitive HT-29 xenografts (13); this suggests
that DCE-MRI would be a useful predictive measure
of treatment response to PX-478 or other HIF-1–targeted
treatments.
In summary, our findings support the central importance

of cancer cell HIF-1 signaling to in vivo tumor-stromal
responses and resistance to radiation treatment. Selective
HIF-1 blockade with PX-478 promises durable radiosensi-
tization through inhibition of this mechanism of tumor
adaptation, as well as through direct tumor cell sensitiza-
tion. An important lesson from our findings is that clinical
application of targeted HIF-1 radiosensitization strategies
will require specific consideration of drug-related microen-
vironmental mechanisms of action. Preclinical imaging
strategies are well suited to guide characterization of such
mechanisms and to streamline development of targeted
radiosensitization strategies.
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