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Abstract
Purpose: Hypoxia-inducible factor 1 (HIF-1) promotes cancer cell survival and tumor progression. The specific
role played by HIF-1 and tumor–stromal interactions toward determining tumor resistance to radiation treatment
remains undefined. We applied a multimodality preclinical imaging platform to mechanistically characterize
tumor response to radiation, with a focus on HIF-1–dependent resistance pathways.
Methods: C6 glioma and HN5 human squamous carcinoma cells were stably transfected with a dual HIF-1
signaling reporter construct (dxHRE-tk/eGFP-cmvRed2XPRT). Reporter cells were serially interrogated in vitro
before and after irradiation as monolayer and multicellular spheroid cultures and as subcutaneous xenografts in
nu/nu mice.
Results:In vitro, single-dose irradiation of C6 and HN5 reporter cells modestly impacted HIF-1 signaling in
normoxic monolayers and inhibited HIF-1 signaling in maturing spheroids. In contrast, irradiation of C6 or HN5
reporter xenografts with 8 Gy in vivo elicited marked upregulation of HIF-1 signaling and downstream
proangiogenic signaling at 48 hours which preceded recovery of tumor growth. In situ ultrasound imaging
and dynamic contrast-enhanced (DCE) MRI indicated that HIF-1 signaling followed acute disruption of stromal
vascular function. High-resolution positron emission tomography and dual-contrast DCE-MRI of immobilized
dorsal skin window tumors confirmed postradiotherapy HIF-1 signaling to spatiotemporally coincide with
impaired stromal vascular function. Targeted disruption of HIF-1 signaling established this pathway to be a
determinant of tumor radioresistance.
Conclusions: Our results illustrate that tumor radioresistance is mediated by a capacity to compensate for
stromal vascular disruption through HIF-1–dependent proangiogenic signaling and that clinically relevant
vascular imaging techniques can spatially define mechanisms associated with tumor irradiation. Mol Cancer
Res; 9(3); 259–70. 2011 AACR.

Introduction
Tumor hypoxia predicts for tumor radioresistance and
poor clinical outcome (1–3). Tumor cells which survive
hypoxic stress are selected for reduced apoptotic potential,
increased angiogenic signaling, enhanced metastatic capability, and greater resistance to radiotherapy and cytotoxic
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chemotherapy. The biological cornerstone of these hypoxiaspecific stress responses is the hypoxia-inducible factor 1
(HIF-1) transcription factor (4). Given prosurvival and
angiogenic effects of HIF-1, targeted inhibition of HIF-1
signaling has generated interest as a target for therapeutic
modulation of radioresistance (5). We have previously
confirmed tumor radiosensitization with selective pharmacologic blockade of tumor HIF-1 signaling in glioma,
squamous cell, and pancreatic cancer cell lines (6, 7).
Nonetheless, the temporal dynamics and compartmental
sources (e.g., tumor cells vs. stromal vessels) of HIF-1–
mediated proangiogenic responses to radiation have not
been elucidated; serial in situ imaging would be an ideal
means by which to identify such responses to guide future
studies to identify optimal timing of HIF-1–targeted intervention with radiation delivery.
Tumor vessels are distinct from their normal counterparts
by virtue of their dependence on prosurvival stimulatory
cytokines such as VEGF (8). Tumor cells upregulate VEGF
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expression in direct response to irradiation (9), but the
relative contribution of direct stimulation of VEGF signaling in tumor cells by radiation versus indirect ischemic HIF1 stimulation of VEGF expression in tumor cells through
radiation-induced disruption of vascular supply is not
clear. Recent data (10) suggested that radiation can
induce ischemia-reperfusion and reoxygenation-dependent
HIF-1 signaling which prompts proangiogenic cytokine
secretion, enhances endothelial viability, and improves
xenograft survival following irradiation which is sensitive
to pharmacologic inhibition of HIF-1. However, the
mechanistic interpretation of results from this study remains
unconfirmed.
In this study, we investigated the mechanism and spatiotemporal dynamics of HIF-1–mediated responses to
radiation in C6 glioma and HN5 squamous carcinoma
HIF-1 reporter cell lines (11, 12). In contrast to the
reoxygenation-related mechanisms suggested previously,
our results indicate that tumor cell HIF-1 signaling is closely
associated with microenvironmental ischemia. We first
observed in monolayer cultures and multicellular spheroids
that radiation minimally impacts or inhibits HIF-1 transcriptional activity. In contrast, in vivo irradiation of C6 and
HN5 tumor xenografts with 8 Gy led to hypoxia-dependent
upregulation of HIF-1 signaling at 48 hours. Immunohistochemical (IHC) staining and novel high-resolution, HIF1–specific positron emission tomography (PET) and dualtracer dynamic contrast-enhanced (DCE) MRI of an immobilized dorsal skin window tumor model confirmed that
delayed upregulation of HIF-1 signaling and VEGF production in the tumor cell compartment was induced by
disruption of stromal vascular function. In vivo pharmacologic or genetic knockdown of HIF-1 signaling suppressed
adaptive tumor revascularization and abrogated tumor
regrowth following irradiation. These findings establish a
foundation for refinement of rationally designed preclinical
HIF-1–targeting strategies and indicate that clinically available imaging techniques such as DCE-MRI and ultrasonography promise immediate relevance toward streamlining
translation of these strategies into clinical trials.
Materials and Methods
Reporter cell culture and shRNA knockdown
C6 rat glioma cells were obtained from American Type
Culture Collection, whereas HN5 human squamous cell
lines were provided by Dr. Luka Milas (Department of
Experimental Radiation Oncology, M.D. Anderson Cancer
Center). C6 (designated #4C6) and HN5 cells were stably
transfected with a dual HIF-1 signaling reporter construct
(dxHRE-tk/eGFP-cmvRed2XPRT), which has a bifunctional genetic reporter consisting of herpes simplex virus
1-thymidine kinase (HSV-tk) and green fluorescent protein
(GFP) under transcriptional control of the hypoxia response
element (12). This construct generated intranuclear GFP
signal and HSV-tk gancyclovir analogue retention under the
control of 8 tandem hypoxia response elements. Cytoplasmic red fluorescent protein (RFP) signal under CMV
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promoter control provided baseline beacon signal. 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, and 94% N2)
using an in vivo Hypoxic Workstation 400 with a Ruskin
hypoxic gas mixer (Biotrace International). Human HIF-1a
short hairpin (shRNA) oligonucleotide (ggcttaccatcagctatttctcaagagaaaatagctgatggtaagcctc) was cloned into the
pSingle-tTS-shRNA vector (Clontech) at HindIII and XhoI
sites. The recombinant vector was transfected using Lipofectamine 2000 per manufacturer's protocol into HN5HIF-1 reporter cells. Stable, clonal transformants were
selected with G418. HN5 reporter cells transfected with
pSingle-tTS-scrambled shRNA vector were created as
controls.
Monolayer radiation treatments/treatments/GFP
quantification
Cells were grown on 96-well plates at 1  104 cells/well
for 24 hours, treated with 0 to 16 Gy single-fraction
irradiation per 137Cs unit at 5.8 Gy/min  concurrent
exposure to 200 mmol/L CoCl2. GFP/RFP signal ratio, to
correct inducible GFP signal for baseline reporter activity,
was determined by fluorescence spectrometry with an
automated TECAN Freedom Evo microplate reader and
normalized according to viable cell density as quantified by
WST1 uptake, as previously described (6).
Spheroid radiation treatment/treatments/GFP
quantification/immunohistochemistry
#4C6 multicellular spheroids were generated from 2 
103 cells in 96-well V-bottomed plates as previously
described (12). Individual spheroids were transferred into
agarose-coated 96-well flat-bottomed plates and were treated with 0 to 16 Gy single-fraction irradiation as described
earlier for monolayer cultures 2 days after plating  concurrent 200 mmol/L CoCl2 treatment. Cell viability confirmation and GFP/RFP signal ratio measurement were also
conducted as described earlier. GFP signal was normalized
to constitutive RFP signal and was scaled from a baseline
value of 1 at day 0 of each experiment. Digital photomicrographs were taken with a CCD camera–mounted Olympus IX81/FV1000 Fluoview confocal microscope. For IHC
analysis, 3 spheroids were serially sectioned in their entirety
(3–4 adjacent sections, 4-mm thickness) at 50-mm intervals.
IHC staining, digital microphotography, and image analysis
were done as indicated later for tumor tissue.
Clonogenic survival assays
HN5-HRE-HIF-shRNA cells were grown to 70% confluence with or without treatment with 1 mg/mL doxycycline for 72 hours. During the final 24 hours, cells were
incubated at 21% O2 (normoxia) or 1% O2 (hypoxia, via
chamber) and irradiated with a 137Cs source (5.8 Gy/min)
under atmospheric conditions. Cells were assayed for colony
formation by replating at specified numbers into 6-well
plates in the drug-free medium. The cells were immediately
plated after irradiation, maintained for 12 days in normoxia,
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and stained with 0.5% crystal violet in absolute ethanol.
Colonies with more than 50 cells were counted. Clonogenic
survival curves were constructed from 3 independent
experiments.
In vivo limb and dorsal tumor window xenografts
A total of 2  106 #4C6 or HN5 reporter cells were
implanted subcutaneously into the right forelimb of nu/nu
mice. Xenografts were allowed to grow to approximately
250 mm3 over 2 weeks prior to treatment and imaging.
HN5-HIF-1-shRNA knockdown xenografts were
implanted in an identical fashion. Tumor volumes were
determined from digital caliper measurements by the following formula: tumor volume (mm3) ¼ p/6 [(short axis in
mm)2  (long axis in mm)]. For the dorsal tumor window
tumor model, MRI-compatible Duralon dorsal flank skin
windows were secured with nonabsorbable suture, and 2 
105 #4C6 reporter cells were injected subcutaneously
within the window. Tumors grew for approximately 12 days
to a volume of 150 mm3 prior to treatment and imaging. All
animals were handled and treated according to Institutional
Animal Care and Utilization Committee guidelines.
Animal irradiation
Irradiated tumors received 8-Gy single-fraction treatment
with a 60Co unit at 1.8 Gy/min, with custom head and body
shielding.
Tumor tissue immunohistochemistry and image
analysis
Control and radiated tumors were collected at indicated
time points. Pimonidazole (Pimo) at a concentration of 25
mg/mL was injected intravenously into animals 60 minutes
prior to sacrifice. Tumors were routinely fixed in 4%
formaldehyde/PBS, processed into paraffin, and then sectioned at 4-mm thickness. To ensure adequate sampling, 4
tumors for each treatment condition were collected,
bisected, and then serially sectioned (10 adjacent sections,
4-mm thickness) at 100- to 150-mm intervals in either
direction. IHC staining for individual epitopes was done
on a Vision Biosystems BondMax automated slide stainer
(VBS) and nuclei were visualized by staining with hematoxylin. Pimo adducts were stained using a fluorescein
isothiocyanate (FITC)-labeled monoclonal antibody, followed by a horseradish peroxidase–conjugated anti-FITC
polyclonal antibody (Hypoxyprobe-1 Plus; Chemicon).
Tumor vasculature was visualized with a polyclonal
CD105 antibody (R&D Systems). HIF-1a was detected
with a monoclonal antibody from BD Transduction
Laboratories, Ki-67 and GFP were detected with polyclonal
antibodies from Abcam, and VEGF and cleaved caspase-3
were detected with polyclonal antibodies from R&D Systems and Cell Signaling, respectively. Specificity of all
staining was confirmed with nonspecific control antibodies.
High-resolution images were acquired using a Nikon E90i
microscope with automated stage and a Roper CoolSNAP
K4 digital camera (Roper Scientific) through a plan-apo 4
objective. Sections were imaged in their entirety, manually
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registered with Photoshop CS2 software to permit direct
overlay with staining from adjacent slices, and analyzed on a
pixel-by-pixel basis for signal intensity and overlap by using
Compix SimplePCI (Hamamatsu Corp) image analysis software. Intensity cutoffs were empirically determined for each
antigen on the basis of the control nonspecific antibody slides
and used for every image from that antibody series. Percent
pixel-to-pixel GFP and VEGF signal overlap with Pimo was
quantified as 100  (number of GFP-VEGF and Pimopositive pixels)/(total number of GFP-VEGF–positive pixels) for all analyzed sections and pooled for statistical analysis.
Micro-PET whole animal imaging
Repetitive, noninvasive whole animal molecular-genetic
PET imaging of HIF-1 signaling was made possible through
selective intracellular retention of radiolabeled reporter
substrate 20 -18F-fluoro-20 -deoxy-5-ethyl-1-b-D-arabionofuranosyluracil (18F-FEAU), which was synthesized using
a modified no-carrier added procedure (13). For each time
point and study condition, 9 to 10 mice were injected IV
with 100 mCi (100 mL) of 18F-FEAU. Fifteen-minute static
images were acquired under inhalation anesthesia on a
commercial micro-PET system (R4; Concorde Microsystems). Images were reconstructed using the ordered subset
expectation maximization algorithm. Regional radioactivity
concentrations (kBq/cm3 or mCi/cm3) for 18F-FEAU were
estimated from regions of interest (ROI) drawn around the
tumor or organ on transaxial slices from the reconstructed
image sets. Tumor tracer uptake was normalized to background muscle uptake in the contralateral shoulder and
quantified as a maximal tumor-to-muscle ratio (TMR)
averaged from 3 separate levels on axial projection, measured in triplicate with standardized 3 to 7 pixel diameter 2dimensional ROIs. Pooled results from each study animal
group were reported as mean values  standard error.
Ultrasound imaging
Ultrasound imaging of xenografts was carried out with a
Vevo 770 system (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, 2.5 mm/s wall filter with 2 mm/s
scan speed. Initial imaging of tumor was carried out in Bmode to discriminate tumor boundaries, and Doppler
images were acquired for a manually delineated ROI encompassing the entire tumor. Vascular area in tumor was calculated by color pixel density, defined as the ratio of the
number of color pixels (i.e., pixels with a Doppler measurable
flow) to the total number of pixels within the ROI.
MRI
Serial single-tracer DCE-MRI data from a 6-mouse
xenograft study cohort treated with 8-Gy single-dose irradiation was acquired using a 4.7T Biospec USR47/40 small
animal imaging system (Bruker Biospin MRI, Inc.) with a
35-mm linear volume resonator and 60-mm microimaging
gradients. A 3-plane RARE imaging sequence was used to
confirm animal positioning, and coronal T2-weighted
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RARE images [TE/TR 70/4,000 ms, field of view (FOV) 4
 3 cm2, matrix 256  192, RARE factor 12] were used for
tumor localization. Axial T1-weighted spin-echo images
(TE/TR 8.5 ms/700 ms, FOV 4  3 cm2, matrix 256
 192) were acquired before and after administration of 0.2
mmol/kg gadopentetate dimeglumine (Gd-DTPA, Magnevist; Berlex Laboratories), an Food and Drug Administration–approved T1-reducing contrast agent. DCE-MRI data
were acquired using a multislice fast spoiled gradientrecalled echo sequence (TE/TR 1.4/40 ms, FOV 4  3
cm2, matrix 128  96, 35 degrees excitation angle, 3.8 s/
repetition, 100 repetitions). Baseline images were collected
for 1 minute prior to injection of the contrast agent. A
generalized kinetic model (14, 15) was applied to manually
segmented data by using Matlab (The Mathworks).
Dorsal skin window tumor imaging
Mice were immobilized under inhalation anesthesia on a
CT (computed tomography)/MRI/PET/ultrasound-compatible sled with a built-in MR surface coil and 68Ge pointsource fiducial markers adjacent to window frames for post hoc
image localization and registration. Fluctuations in signal
relaxation (T2*) due to susceptibility differences (often attributed to changes in oxygen saturation) were measured using a
multi-echo gradient-echo sequence (TEmin 4.5 ms, 7.23-ms
interval between each of 12 echoes, TR 1,500 ms, FOV 2 
1.5 cm2, matrix 256  256). A dual-tracer DCE-MRI
acquisition (16) was implemented using poly(l-glutamic
acid) Gd-DTPA (PG-Gd-DTPA; ref. 17) and Magnevist.
After 1 minute of T1-weighted baseline scans by using a fast
spoiled gradient-echo sequence (TE/TR 1.65 ms/75 ms,
FOV 2  1.5 cm2, matrix 128  96, 50 degrees excitation
angle), 0.06 mmol/kg PG-Gd-DTPA was injected with a tail
vein catheter. Five minutes later, 0.2 mmol/kg Magnevist was
injected, and enhancement was monitored for 3 more minutes. All data were segmented manually and analyzed using
Matlab. HIF-1 signaling detection with 18F-FEAU-PET was
conducted as described earlier. To facilitate registration,
3-dimensional (3D) micro-CT imaging was obtained with
an eXplore micro-CT system (GE Healthcare). All imaging
was completed within 4 hours. PET was first registered to the
reference anatomic CT through a gross rigid transformation
to match marker sets and major structures such as body
outlines that are visible on both modalities. This initial
registration was then further refined through the multiresolution iterative maximization of a normalized mutual information cost function (18). A similar process was used to
register MR to CT, albeit with a high-resolution FOV that
was limited to anatomy that was visible within the physical
tumor window. Once registered together, the PET, CT, and
MR data sets were fused together, processed, and visualized
(19) to localize and compare PET uptakes and MR
parametric maps in relation to structural anatomy.
Statistical testing
Significance of difference between pooled results from
study groups was measured via unpaired 2-sided Student's t
test using GraphPad v.4.
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Results
In situ functional imaging shows tumor cell HIF-1
radiation response to be unique to the in vivo setting
Radiation minimally impacted or inhibited tumor cell
HIF-1 signaling in the absence of vascularized stroma.
There was no change in HIF-1–dependent GFP signal in
normoxic #4C6 and HN5-HIF-1 reporter monolayers
following escalating doses up to 8 Gy, although a decrease
in HIF-1 signal was seen uniquely in #4C6 cells 72 hours
following irradiation at 16 Gy (Fig. 1A). Irradiation of
chemically hypoxic (200 mmol/L CoCl2) cells with irradiation at up to 16 Gy did not alter HIF-1 activity, indicating
that radiation does not directly impact ongoing tumor HIF1 signaling response to hypoxic stress (Fig. 1B). Radiation
treatment in vitro modestly impacted downstream VEGF
signaling in the absence of upstream HIF-1 induction.
VEGF mRNA remained stable and soluble protein expression increased incrementally in normoxic #4C6 or HN5
monolayers treated with irradiation at 8 Gy (data not
shown). Hypoxic #4C6 or HN5 monolayers showed an
expected increase in VEGF protein expression within 48
hours, which was unaffected by irradiation at 8 Gy, consistent with HIF-1 expression results.
To further model the microenvironment of hypoxic
tumors, #4C6 cells were cultured as 3D spheroids measuring at least 500 mm in diameter. Confocal microscopy
revealed hypoxia/HIF-1–induced GFP signal in the central
region of spheroids, extending outward to a depth of
approximately 100 mm from the surface. Single-fraction
irradiation inhibited GFP expression in maturing spheroids
in a dose-dependent manner (Fig. 1C and D). Quantified
IHC staining of spheroids confirmed reduction of centralized HIF-1 and downstream VEGF signal in spheroids
treated with irradiation at 4 to 8 Gy (Fig. 1E). Treatment
with irradiation at up to 16 Gy did not inhibit preexisting
HIF-1 signaling or VEGF expression in spheroids treated
with 200 mmol/L CoCl2 (Fig. 1C).
Although direct effects of radiation on tumor cell HIF-1
signaling appeared modest, we observed profound HIF-1
tumor cell signaling responses within intact vascularized
tumors. Nu/nu mice (n ¼ 9) bearing #4C6 xenografts were
serially imaged for HIF-1 transcriptional activity with 18
F-FEAU-PET over 8 days. Irradiation at 8 Gy induced
delayed, incremental upregulation of HIF-1 activity in
tumor cells at 48 hours (mean maximum TMR of 18F-FEAU
accumulation ¼ 4.51  0.23 standard error vs. 3.97  0.11
for controls, P < 0.05; Student's t test), which subsequently
peaked at day 6 posttreatment (mean maximum TMR ¼
7.85  0.24 vs. 5.77  0.18 for controls, P < 0.005). HIF-1
upregulation was heterogeneous and discretely localized to
viable peripheral regions within tumors (Fig. 2A). The
marked upregulation of HIF-1 activity observed in irradiated
tumors at day 6 subsequently decreased by day 8 to levels
comparable with controls (mean maximum TMR ¼ 5.64 
0.22 vs. 5.21  0.17 for controls, P ¼ n.s.). HIF-1 upregulation in irradiated tumors was accompanied by refractory,
albeit slowed, tumor growth (Fig. 2B). 18F-FEAU-PET
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imaging of irradiated HN5 reporter xenografts (n ¼ 6)
confirmed similar findings (Fig. 2B).
Stromal vessel dysfunction and ischemic insult are
closely associated with postradiation HIF-1 tumor cell
signaling
We interrogated temporal kinetics and spatial associations between postradiation microenvironmental stress
and tumor cell HIF-1 signaling in greater detail by
IHC staining. #4C6 tumors treated with irradiation at
8 Gy showed an acute reduction in overall tumor HIF-1–
dependent GFP reporter and VEGF expression at 4 hours
(Fig. 3). A concomitant decrease in Pimo staining showed
that, at this stage, tumors were less hypoxic. This was
associated with metabolic and proliferative arrest in tumor
cells rather than improved tumor perfusion, as evidenced
by reduced 18F-FDG uptake, bromodeoxyuridine, and Ki67 tumor proliferation indices and 18F-20 -deoxy-20 -flouro5-methyl-1-b-D-arabinofuranosyluracil proliferation tracer uptake at 24 hours postradiation (data not shown).
However, localized, discrete areas of persistent HIF-1–
dependent GFP signaling and VEGF signal were observed,
closely correlating with areas with Pimo retention
(Fig. 3A). Quantitative pixel-by-pixel analysis of GFP
and VEGF IHC images coregistered with Pimo IHC
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images confirmed that high baseline spatial overlap of
GFP (44.84%  11.85%) and VEGF (38.85% 
11.15%) signal with regions of physical hypoxia remained
unchanged 48 hours following radiation treatment (XRT)
(43.68%  11.18% for GFP and 34.60%  8.84% for
VEGF, P ¼ n.s., Fig. 3C), arguing against a functional
association between reoxygenation events and HIF-1 signaling. Vascular endothelial cells (EC) positive for both
CD105 and cleaved caspase-3 were seen exclusively in
regions devoid of GFP and VEGF signals.
In situ ultrasound imaging and DCE-MRI of irradiated #4C6 xenografts functionally corroborated these
findings. Irradiation at 8 Gy led to transient disruption
of tumor blood flow on power Doppler ultrasonography
(n ¼ 6 per cohort). This was observed within 24 hours
following completion of radiation (74.9%  1.1%
decrease, P < 0.001), with a notable loss of blood flow
within the central and superficial portions of xenografts
away from extrinsic host soft tissues (Fig. 4A).
This reduced blood flow was accompanied by an
increase in globally quantified measures of vascular
permeability, shown by increased average volume transfer constant [Ktrans (min 1), a rate constant which is
potentially value-limited by either blood flow or vessel
permeability] values from single-tracer DCE-MRI
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Figure 3. Postradiation in vivo HIF-1 signal induction results from stromal vessel dysfunction and ischemic insult. A, serial 4 photomicrographs of IHC i i
staining for HIF-1, Pimo, VEGF, and CD105þ microvessels in control and irradiated #4C6 xenograft tumors. Images from 24 hours posttreatment tissue
samples illustrate focal radioresistant HIF-1–dependent GFP signal and VEGF expression in regions retaining Pimo 24 hours posttreatment. By 8 days
posttreatment, normalization of HIF-1 transcriptional activity, VEGF expression, and Pimo staining are seen in revascularized regions populated with CD105þ
vessels. However, tumor adaptation is not uniform; areas of Pimo retention, HIF-1–dependent GFP signal, and VEGF protein colocalize to focal devascularized
regions (to the left of the revascularized region demarcated by the solid yellow line), recapitulating the heterogeneous tumor microenvironment seen at
baseline. B, quantification of % staining of total tissue area over time in pooled tissue sections, reported as mean values  SD. All statistical comparisons
are with baseline pretreatment values; *, P < 0.05; ***, P < 0.001. C, quantified pixel-by-pixel analysis of % spatial overlap  SD between GFP/VEGF
signal and Pimo at baseline and following irradiation.

mapping (578%  57% increase, P < 0.005) within 24
hours (Fig. 4B). Acutely increased Ktrans values were
distributed heterogeneously within nonnecrotic regions,
consistent with regionalized loss of vascular integrity and
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blood flow within remaining functional stroma. Both
blood flow and Ktrans values began to return toward
baseline at 48 hours, in concert with the timing of HIF1 upregulation.
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Figure 4. A, serial color power Doppler imaging of a representative #4C6 xenograft shows transient loss of central and peripheral tumor vascular flow
by 24 hours postradiation, followed by early stromal vessel recovery 48 hours posttreatment. Statistical comparisons of pooled results at each posttreatment
time point are with baseline pretreatment values; ***, P < 0.001. B, serial single-tracer DCE-MRI mapping of Ktrans values in a representative #4C6 xenograft
shows increased Ktrans values by 24 hours postradiation, consistent with loss of vascular integrity. Corresponding Ktrans value distribution histograms
are shown below each image. Ktrans values normalize toward baseline values by 7 days posttreatment. Statistical comparisons of pooled results at each
time point are with baseline findings, as reported as mean values  SD; *, P < 0.05; **, P < 0.005.

High-resolution multimodality imaging localizes
postradiation HIF-1 signaling to regions of impaired
vascular function
We used coregistered PET, dual high/low-molecularweight tracer DCE-MRI, MR angiography, and MR relaxometry in a dorsal skin window tumor system to colocalize
postradiation HIF-1 tumor signaling to regions of stromal
dysfunction and low oxygen tension. Fiducial landmarks and
mechanical immobilization provided by the dorsal skin
window frame permitted high-fidelity image coregistration.
Dual-tracer DCE-MRI provided reproducible estimation of
vessel permeability in the absence of vascular input data from
major vessels within the FOV of the surface coil. PET
imaging of #4C6 skin window tumors (n ¼ 6) reproduced
earlier findings of tumor HIF-1 signaling 2 days postradiation. Overlap between HIF-1–dependent 18F-FEAU signal
and low-molecular-weight contrast delivery to the extravascular compartment (Fig. 5) confirmed close colocalization of
HIF-1 signaling with postradiation tumor microvessel disruption. The timing and location of these imaging biomarkers corroborate a direct functional association between
adaptive HIF-1 tumor cell signaling and abrupt ischemic
microenvironmental stress following irradiation.
Postradiation HIF-1 tumor cell signaling precedes
tumor stromal recovery and is a necessary determinant of
tumor radiation resistance
Consistent with our imaging results, IHC staining
confirmed regionalized ischemic upregulation of HIF-1
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transcriptional activity and VEGF expression 36 to 48
hours following irradiation, most notably in previously
perfused peripheral tumor regions (Fig. 3A and B). Upregulation of HIF-1 and VEGF signaling was accompanied by
the reemergence of a proliferating Ki-67þ tumor cell subpopulation. By 1 week postirradiation, CD105þ vessels
returned to regions of reduced HIF-1 and VEGF signaling,
consistent with physiologically relevant reperfusion. Vascular function returned toward baseline on power Doppler
imaging and DCE-MRI by day 7 posttreatment (Fig. 4A
and B).
Taken together, these findings indicate that ischemiadriven stromal responses are critical to tumor radiation
resistance and provide a mechanistic rationale for targeted
disruption of HIF-1. We have previously confirmed
tumor radiosensitization with targeted pharmacologic
blockade of tumor HIF-1 signaling with the selective
HIF-1 inhibitor PX-478 in C6, HN5, and pancreatic
cancer cell lines (6, 7). Power Doppler imaging and DCEMRI showed that PX-478 abolishes HIF-1–dependent
postradiotherapy tumor stromal recovery and that constitutive expression of downstream angiogenic signals can
restore refractory tumor vessel function during drug
exposure. To confirm specificity of these findings, we
introduced conditionally inducible human HIF-1 shRNA
into HN5 reporter cells, which yielded inhibition of HIF1 and downstream VEGF expression in response to
hypoxic stimulation (1% O2 for 24 hours; Fig. 6A
and B). HIF-1 shRNA induction yielded a modest direct
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Figure 5. Dual-tracer DCE-MRI
parametric maps of vascular
function coregistered with HIF-1–
specific PET imaging of an
immobilized dorsal skin window
C6#4 reporter tumor model 48
hours following 8-Gy irradiation.
Columns, from left to right, (1) lowmolecular-weight contrast–
dependent permeability mapping,
(2) high-molecular-weight PG-GdDTPA contrast–dependent
vascular volume fraction mapping,
and (3) HIF-1–dependent 18FFEAU retention imaged mid-F-at
plane within 2 representative
tumors (top and bottom rows),
with regions of impaired
microvessel low-molecularweight tracer delivery to the
extravascular compartment
spatially corresponding with
regions of elevated HIF-1–
dependent signal.

Permeability

PET signal

Animal 1

Animal 2

effect on hypoxic cells, with a sensitizer enhancement ratio
at 0.2 surviving fraction of 1.35 versus 1.01 seen in 1%
and 21% O2 conditions, respectively (Fig. 6C). Induction
of HIF-1 shRNA in vivo in HN5 xenografts inhibited
HIF-1 expression detected by IHC/Western blotting and
also downstream HIF-1 signal detected by GFP expression
(not shown). Identical to PX-478, induction of HIF-1
shRNA (5 mg doxycycline via oral gavage  3 days) prior
to 8-Gy irradiation of HN5 xenografts led to stable tumor
growth delay, not seen following either treatment alone
(Fig. 6D).
Discussion
Hypoxia is associated with tumor radiation resistance (3,
20–22) and is classically described as a modifier of the
physical effects of radiation on tumor cell DNA integrity. In
vitro, oxygen enhances direct tumor cell killing at clinically
relevant radiation doses (23). The degree of hypoxia
required to fully show this phenomenon must be severe
(e.g., <5 mm Hg oxygen; ref. 24). Adaptive HIF-1 signaling
to hypoxia is elicited at much higher concentrations of
oxygen (as high as 40 mm Hg), with additional modulation
occurring as oxygen deprivation becomes more pronounced
(25). This underscores a more complicated interaction
between hypoxia and tumor cell radiation response in whole
tumors, in which radiation impacts tumor cell survival both
directly and indirectly through effects on stromal cell
populations. Tumor cells which successfully adapt to microenvironmental stress are able to co-opt and/or induce
stromal blood vessels to enhance their oxygen and nutrient
supply by paracrine growth factor signaling (26). HIF-1–
stimulated tumor expression of VEGF and other proangiogenic factors is key to this process (27). Given that
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Vascular volume fraction

radiotherapy can damage tumor vascular function and lead
to secondary ischemic tumor stress, it is logical to expect
tumor cell HIF-1 signaling to serve as an important determinant of whole tumor radiation response. This indeed has
been shown (10), although the exact mechanisms responsible for postradiotherapy HIF-1 signaling remain incompletely defined.
Mixed findings have been elicited from in vitro studies of
HIF-1 tumor cell signaling following radiation (10, 28).
Using our functional reporter system, we have shown that
tumor HIF-1 signaling responses to irradiation occur exclusively in intact vascularized tumors. Previous data (10)
suggest that reoxygenation events are responsible for induction of HIF-1 after irradiation, a phenomenon we did not
observe in vivo. We directly associated postradiation HIF-1
upregulation with ischemic microenvironmental stress via
submicron-resolution, quantitative analysis of IHC images
and nondisruptive, submillimeter-resolution multimodality
imaging. Thus, our findings implicate an alternative pathophysiologic cascade in which tumor radioresponse and
resistance are determined by ischemic tumor cell maintenance of underlying stromal vascular supply. Although
physical hypoxia may directly impart tumor cell radioresistance (e.g., reduced concentrations of free radical species), our results show that hypoxia can also impact in vivo
radioresistance through indirect paracrine mechanisms of
stromal vascular maintenance. Absence of supportive paracrine tumor cell signaling during irradiation (such as in
normoxic tumor regions) would leave ECs more susceptible
to dysfunction and killing from radiation. Thus, in C6 and
HN5 tumors, chronically hypoxic yet viable tumor regions
contain foci of resistant tumor vessels which themselves
serve as the target for postradiation paracrine signaling from
surviving tumor cells, leading to stromal revascularization.

Mol Cancer Res; 9(3) March 2011

Downloaded from mcr.aacrjournals.org on July 30, 2021. © 2011 American Association for Cancer Research.

267

Published OnlineFirst March 1, 2011; DOI: 10.1158/1541-7786.MCR-10-0469

Schwartz et al.

A

C
HN5-scr-shRNA

Doxy (µg/mL)
Hypoxia

0
-

0
+

0.5
+

HN5-HIF-1-shRNA

1
+

0
-

0
+

Surviving fraction

Hif-1
β-Actin
1.2
1

HIF-1/actin

1

0.5
1
+
+

0.8

0.1

HN5-scr-shRNA

0.6

HN5-HIF-1-shRNA

0.4

HN5-hre-HIFshRNA

0.2

***

0.01

***

0
Control

Hypoxia

0

2

4

6

8

Radiation dose (Gy)

Hypoxia+ Hypoxia+
Dox 0.5 µg Dox 1 µg

B

D
1.6

HN5-scr-shRNA

1.4

**

1.2

**

HN5-HIF-1-shRNA

1
ox

1
ox

0.
5

+D

ox
+D

yp
ox
ia
H

yp
ox
ia

H

0.
5

ia
+D

ox

or
m
ox

N

H

N

or
m
ox

ia
+D

or
m
N

yp
ox
ia

1

Tumor volume (mm3)

175

1.8

ox
ia

VEGF(pg)/total
protein (mg)

Hypoxia
Normoxia
Normoxia + Dox 1 µg/mL

Hypoxia + Dox 1 µg/mL

150

Control

125

XRT

100

HIF-1 shRNA
Concurrent shRNA + XRT

75
50
25
0
0

4

8

12

16

Time (d)

Figure 6. In vitro conditional knockdown of HIF-1 and downstream soluble VEGF expression in response to moderate hypoxia were measured by (A)
Western blotting and (B) ELISA assays, respectively, in HN5-HIF-1-shRNA cells treated with doxycycline at 0, 0.5, or 1 mg/mL in normoxic conditions in serumstarved (1% FBS) media for 48 hours and then transferred to 1% O2 for 24 hours with constant doxycycline (Dox) concentration before collection; **, P < 0.005;
***, P < 0.001. HN5-scr-shRNA, scrambled shRNA controls. C, in vitro HN5-HIF-1-shRNA clonogenic survival curves. D, in vivo HN5-HIF-1-shRNA
xenograft tumor growth.

Our results do not exclude reoxygenation-dependent
tumor HIF-1 upregulation events following irradiation,
particularly in alternative tumor models with less pronounced baseline VEGF signaling than C6 and HN5. In
fact, both reoxygenation and ischemic events could conceivably play complementary roles in tumor adaptation
and resistance. However, exact delineation of the respective
importance of either mechanism across specific tumor
types will have key therapeutic implications, because early
concurrent HIF-1 inhibition would be expected to optimally treat resistant ischemic tumor regions with chronic
tumor HIF-1 signaling. Alternatively, sequencing of HIF-1
blockade after radiation would potentially best impact
tumors relying on posttreatment reoxygenation to drive
adaptive HIF-1 signaling; in fact, data from 4T1 and HCT116 tumor models directly support this premise (29).
High-resolution small animal imaging is well suited to
serially interrogate these mechanisms within intact tumor
models. DCE-MRI can quantifiably evaluate integrity and
function of tumor microvasculature and also tumor
response to antiangiogenic or antivascular therapy (30).
The dual-tracer DCE-MRI technique we used differentiates
vascular enhancement from rapid extravasation and corre-
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lates better with histologic end points than by traditional
single-tracer studies (16, 31). Preclinical ultrasonography
provides additional quantification of tumor blood flow (32–
35). Sophisticated multimodality approaches are required to
capitalize on the complementary strengths of such techniques. Pilot reports have shown the feasibility of combined
ultrasonography and MRI to assess tumor vessel radiation
responses in mouse xenografts (32, 33). Other studies have
combined vascular MRI with optical assessment of HIF-1
pathway signaling (36) or with pulsed electron paramagnetic resonance localization of physical hypoxia (37). For
this study, we leveraged a multimodality platform utilizing
physically immobilized dorsal skin window tumors to
obtain high-resolution data with rigorous image coregistration during an extended time course of repetitive imaging.
Our studies confirmed expected limitations of this system
caused by the discrepancy between MR image resolution
(156 mm in-plane) and the point-spread function of PET
(3 mm). Quantification of baseline voxel-to-voxel correlation of PET signal to T2*/R2* maps remain difficult to
reproduce because of PET resolution limitations and
adjacent air–tissue interfaces and tissue heterogeneity.
Efforts to improve robustness of quantification are ongoing.

Molecular Cancer Research

Downloaded from mcr.aacrjournals.org on July 30, 2021. © 2011 American Association for Cancer Research.

Published OnlineFirst March 1, 2011; DOI: 10.1158/1541-7786.MCR-10-0469

Ischemic HIF-1–Mediated Tumor Stromal Adaptation to Radiation

Nonetheless, strong qualitative agreement between PET
signal and DCE-MRI parametric maps of low-molecularweight MR contrast delivery to the extravascular compartment (e.g., Magnevist-dependent permeability maps,
Fig. 5) confirmed close spatial association of HIF-1 signaling with postradiation tumor microvessel disruption.
Importantly, the lack of correspondence between HIF-1
PET signal and the fraction of tissue volume occupied by
vessels (e.g., high-molecular-weight PG-Gd-DTPA contrast–dependent vascular volume fraction maps, Fig. 5)
emphasizes the limitations of simple quantified measures
of tumor blood vessel density devoid of spatial information.
Targeted inhibition of HIF-1 has been shown both to
provide direct antitumor activity (38) and to enhance
tumor radiosensitivity (6, 7, 39, 40) in preclinical studies.
Selective HIF-1 pharmacologic inhibitors are now entering early clinical development (41, 42). Many questions
remain before rationally designed HIF-1–targeted radiosensitization strategies can be optimized for the clinic.
HIF-1 knockdown leads to variable effects across cell types
and may provide ineffective tumor radiosensitization, or
even tumor cell radioprotection. The exact cell population
which serves as the functional target of HIF-1 inhibition
in vivo is not certain. This undoubtedly varies across
tumor types and disease sites and may, in fact, be stromal
constituents (e.g., tumor vessel endothelium) rather than
tumor cells themselves. A genetic loss-of-function study
with HIF-1a null ECs showed an HIF-1–driven VEGFVEGFR2 autocrine loop originating within the endothelium which is required for solid tumor angiogenesis (43),
supporting the notion that stromal vasculature could be
exploited as a direct target of HIF-1 inhibition. Stromal
sensitivity to radiation potentially varies across organ sites,
not only due to differences in native radioresistance of ECs
but also due to the quality, dynamics, and specific signaling of proteins responsible for supportive paracrine signaling (44). Blouw and colleagues (45) have shown that HIF
blockade can lead to increased vessel cooption and tumor
cell invasion in vessel-rich brain parenchyma versus less
vascularized subcutaneous tissues, further emphasizing
critical tissue-specific effects of HIF-1 blockade. Finally,
the respective roles played by different members of the
HIF-a family, including HIF-2a and HIF-3a, across
individual tumor types remain unclear. Despite similarities between HIF-1a and HIF-2a, there is little redundancy between the downstream effects of these two
proteins (46, 47). Nonetheless, we have found HIF-2
to be only weakly expressed in C6 and HN5 xenografts
(<10% expression by immunohistochemistry at baseline
and postradiation; data not shown), supporting the

primacy of HIF-1–specific adaptive signaling in these
models.
Conclusions
Our results show a stroma-dependent cascade responsible for whole tumor radioresistance. Radiosensitivity and
kinetics of postradiation vascular recovery depend on HIF1–mediated paracrine prosurvival signaling from nutrientdeprived, hypoxic tumor cells to stromal vasculature.
Poorly perfused regions in which tumor cells produce
higher levels of proangiogenic factors selectively protect
neighboring microvessels from radiation insult. Tumor
regions with normal perfusion and lower levels of proangiogenic factors are more sensitive to radiation-induced
vascular dysfunction. The degree of ischemic HIF-1 signal
stimulation determines the magnitude of adaptive proangiogenic signaling from tumor cells to regain stromal
support. Therefore, targeted HIF-1 blockade promises
effective inhibition of the signaling source for whole
tumor adaptation events. In situ spatiotemporal imaging
promises to clarify the respective roles of constituent
tumor subpopulations and the temporal dynamics of
adaptive postradiation responses. This information can
potentially guide rational administration of targeted radiosensitizing agents and streamline downstream deployment
of such strategies into the clinical trial setting.
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