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Tumor	radioresponsiveness	depends	on	endothelial	cell	death,	which	leads	in	turn	to	tumor	hypoxia.	Radia-
tion-induced	hypoxia	was	recently	shown	to	trigger	tumor	radioresistance	by	activating	angiogenesis	through	
hypoxia-inducible	factor	1–regulated	(HIF-1–regulated)	cytokines.	We	show	here	that	combining	targeted	
radioiodide	therapy	with	angiogenic	inhibitors,	such	as	canstatin,	enhances	direct	tumor	cell	apoptosis,	
thereby	overcoming	radio-induced	HIF-1–dependent	tumor	survival	pathways	in	vitro	and	in	vivo.	We	found	
that	following	dual	therapy,	HIF-1α	increases	the	activity	of	the	canstatin-induced	αvβ5	signaling	tumor	apop-
totic	pathway	and	concomitantly	abrogates	mitotic	checkpoint	and	tetraploidy	triggered	by	radiation.	Apop-
tosis	in	conjunction	with	mitotic	catastrophe	leads	to	lethal	tumor	damage.	We	discovered	that	HIF-1	dis-
plays	a	radiosensitizing	activity	that	is	highly	dependent	on	treatment	modalities	by	regulating	key	apoptotic	
molecular	pathways.	Our	findings	therefore	support	a	crucial	role	for	angiogenesis	inhibitors	in	shifting	the	
fate	of	radiation-induced	HIF-1α	activity	from	hypoxia-induced	tumor	radioresistance	to	hypoxia-induced	
tumor	apoptosis.	This	study	provides	a	basis	for	developing	new	biology-based	clinically	relevant	strategies	
to	improve	the	efficacy	of	radiation	oncology,	using	HIF-1	as	an	ally	for	cancer	therapy.

Introduction
Radiation is used to treat a variety of solid tumors. In thyroid 
cancer patients, radioiodine 131I provides a unique and effective 
system for both the detection of neoplastic foci with 131I total 
body scanning and for the destruction of thyroid cells by deliver-
ing lethal doses of radiation (1, 2). The sodium iodide symporter 
(NIS) mediates the active transport of 131I into thyroid cells (3–5). 
A novel therapeutic approach involves inducing a targeted effect 
of radiation following NIS gene transfer in NIS-defective follicular 
thyroid or nonthyroidal carcinoma cell lines, allowing accumula-
tion of iodide both in vitro and in vivo (6–11). However, infection 
of xenografted tumors in mice with an adenovirus encoding NIS 
(AdNIS) followed by systemic in vivo administration of 131I activ-
ity consistent with that used in clinical settings, does not induce 
significant tumor growth inhibition (6, 9).

Tumor sensitivity to radiation is dependent on endothelial 
and tumor cell vulnerability that eventually leads to cell death 
(12). However, Moeller et al. recently demonstrated that radia-
tion also promotes angiogenesis, thereby inducing radioresis-
tance (13). ROSs generated by irradiated tumor tissue induce 
hypoxia-inducible factor 1 (HIF-1) activity that in turn induces 

the expression of angiogenic growth factors such as VEGF or 
bFGF. These cytokines promote endothelial survival pathways 
and counteract the radiation-induced apoptosis in both tumor 
and endothelial cells (13). To circumvent this radiation-induced 
protective angiogenic response, one promising therapeutic 
approach may be to combine angiogenesis inhibition with 
radiation (14–22). During hypoxia, an intricate balance exists 
between factors that induce and those that counteract apopto-
sis or even stimulate cell proliferation (23–25). Combined radia-
tion and antiangiogenesis treatment could thus be expected to 
inhibit the HIF-1–induced angiogenic response. However, HIF-1  
has also been shown to induce tumor cell apoptosis (23–25). 
In the present study, we address the question of whether HIF-1 
regulates the balance between adaptation of tumor cells to the 
hypoxic environment and self-sacrifice by apoptosis.

Here we combined 131I radiotherapy with angiogenesis inhi-
bition, using both NIS and canstatin delivered by adenovirus, 
and studied the role of HIF-1 in the induction of apoptosis in 
endothelial and tumor cells. Canstatin-HSA (CanHSA), a frag-
ment of human collagen, is known to silence cytokine-induced 
angiogenesis pathways by binding to αvβ3- and αvβ5-integrin 
receptors and triggering mitochondrial apoptosis (26–29).

In the present study, we show that administration of 131I, at 
activities consistent with those used in the clinical setting, com-
bined with an angiogenesis inhibitor strongly impedes growth 
of both xenografted nonthyroidal tumors and spontaneously 
occurring tumors in a transgenic mouse model. This dual therapy 
blocked angiogenesis, induced severe tumor hypoxia, and was fol-
lowed by greatly enhanced tumor apoptosis. In contrast, treating 
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tumors by single therapies led to tumor resistance by enhancing 
HIF-1–mediated endothelial cell survival. We further identified 
the HIF-1 signaling molecular mechanism by which damage to 
endothelial cells following combined therapy results in increased 
tumor cell death. In vitro studies showed that HIF-1 activity plays 
a crucial role in: (a) controlling the canstatin-induced mitochon-
drial apoptotic pathway mediated by binding to αvβ5 integrin 
in MDA-MB-231 tumor cells, whereas endothelial cells under-
went apoptosis in response to canstatin in the absence of HIF-1; 
(b) controlling the mitosis checkpoint and tetraploid status of 
tumor and endothelial cells following radiation, sensitizing cells 
to death by mitotic catastrophe; and subsequently (c) increasing 
the number of apoptotic tumor cells treated with both canstatin 
and radiation, which was validated using HIF-1 siRNA.

We therefore propose that HIF-1 signaling activation has impor-
tant implications for optimizing targeted therapeutic schedules in 
trials aimed at combining angiogenesis inhibitors and radiation.

Results
In vivo therapeutic efficiency of the AdCanHSA-AdNIS-131I combina-
tion on the mammary tumor model. AdNIS-treated tumors exhibit 
specific uptake of radioactive iodide (9). However, the activities 
of 131I (1–16 mCi per dose) that have to be administered to mice 
bearing NIS-transduced xenografted tumors in order for a thera-
peutic effect to be observed are far too high to be applicable in the 
clinic (10, 30). To improve the efficiency of AdNIS-131I treatment, 
we investigated here the antitumor potential of radiation com-
bined with an angiogenesis inhibitor for 4 weeks (16). Following 
preliminary experiments aimed at determining the minimal dose 
of radiation needed to induce a suboptimal antitumor effect fol-
lowing AdNIS infection, we used 300 μCi of 131I in experiments 
performed thereafter (data not shown).

Interestingly, treatment of preestablished mammary MDA-
MB-231 xenografted tumors with the AdCanHSA-AdNIS-131I 
combination induced a very early tumor growth inhibition com-

Figure 1
Therapeutic efficiency of AdNIS-131I therapy combined with AdCanHSA in vivo. (A) Growth of AdCO1-, AdNIS-, AdCanHSA-, and AdNIS-AdCanHSA– 
infected MDA-MB-231 xenografted tumors (2 intratumor injections of the appropriate adenoviruses, 72 hours apart) on nu/nu mice after injection 
of 300 μCi of 131I. Tumor volumes were measured once a week over 4 weeks. Results are mean ± SEM for 9 mice for each treatment group. 
Representative of 4 separate experiments. *P < 0.05. (B) ELISA quantification of CanHSA in the sera of the same mice represented above, at day 
4 after injection of iodide. (C) In vivo kinetics of iodide uptake in AdCO1-, AdNIS-, AdCanHSA-, and AdCanHSA-AdNIS–infected MDA-MB-231  
tumors (n = 3 per group). Infected tumors were removed 4, 8, and 24 hours following injection of 131I (300 μCi) i.p. 131I was measured using a 
gamma counter. Results are expressed as the mean number of μCi per milligram of tumor tissue ± SEM. (D) In vivo imaging of mice harboring 
AdNIS- or AdCanHSA-AdNIS–infected MDA-MB-231 xenografts (left flank) 4 hours after i.p. injection of 50 μCi of 123I and 24 hours before 131I injec-
tion. Images were acquired through scintigraphy over a 10-minute exposure and have an equivalent background. There was also physiological 
accumulation of iodide in the bladder, stomach, and thyroid gland. Mice were treated with l-thyroxine to avoid massive uptake by the thyroid. (E) 
In vivo assessment of iodide uptake by AdNIS- or AdCanHSA-AdNIS–infected MDA-MB-231 tumors 4 hours after 123I injection, as described for 
D. A fixed region of interest (ROI) was drawn and was imposed on each tumor and on each stomach (as standard uptake). Pixel intensity per ROI 
was measured with ImageJ software. Results are expressed as the ratio (tumor/stomach) between the maximal pixel intensity in the 2 ROIs.
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pared with that seen in control groups (86% as compared with the 
AdCO1 group; P < 10–4). Two of the 8 tumors became undetect-
able, indicating complete regression following a single adminis-
tration of 131I (Figure 1A).

To determine whether the antitumor effect was related to coex-
pression of NIS and CanHSA, expression of both proteins was 
investigated in vivo. As expected, CanHSA was strongly expressed 
in the sera of mice infected by AdCanHSA or AdCanHSA com-
bined with AdNIS (Figure 1B). Moreover, CanHSA did not impede 
tumor 131I uptake after injection of 300 μCi 131I (Figure 1C): at 4 

or 8 hours following iodide injection, no quantitative difference 
in iodide uptake, measured ex vivo, was observed between tumors 
infected by AdNIS-131I alone or AdCanHSA-AdNIS-131I (P = 0.29). 
In tumors infected with AdCanHSA alone or AdCO1 as a control, 
no 131I uptake was found (P < 0.05). In vivo, scintigraphy was car-
ried out for animals treated with AdNIS. No difference in iodide 
uptake was observed between AdNIS-131I – and AdCanHSA-AdNIS-
131I–treated tumors (P = 0.3) (Figure 1, D and E). Therefore, iodide 
uptake and retention time were not altered in AdNIS-infected 
tumors after CanHSA expression.

Figure 2
Combined effects of AdNIS-131I therapy with AdCanHSA in transgenic TRP-1 mouse model. (A) Immunohistological analysis of AdNIS-infected 
RPE tumor with an anti-NIS polyclonal antibody (original magnification, ×50). (B) Higher-magnification of boxed area in A (original magnification, 
×200). Positive cells were located in the RPE tumor and in the retina (arrows). (C) Representative nontumor eye section with location of retina, 
choroid, sclera, and lens (arrows). (D–H) Histology of the RPE tumor 45 days after birth. Representative transgenic eye section treated with 2 
systemic injections of Adx and a single intraorbital injection of Ady, and a single 131I injection of 300 μCi. AdCO1 and AdCO1 (D); AdCO1 and 
AdNIS (E); AdCanHSA and AdCO1 (F); or AdCanHSA and AdNIS (G and H) (original magnification, ×25). Note that AdCO1-treated tumor cells 
grew consistently and occupied half of the eyeball when mice were 45 days old (D). In contrast, only a few tumor cells persisted in AdCanHSA-
AdNIS–treated eyeball (H). t, tumor. (I–M) Higher-magnification images of areas in black boxes in D–H, respectively (original magnification, ×100). 
(S) Measurement of tumor areas in the posterior eyeball of each TRP-1 transgenic mouse treated with the appropriate adenoviruses. Results are 
the mean ± SEM (n = 10). (N–R) Assessment of intratumor vascularization using lectin immunostaining after each treatment described above 
(original magnification, ×100). AdCO1 and AdCO1 (N); AdCO1 and AdNIS (O); AdCanHSA and AdCO1 (P); AdCanHSA and AdNIS (Q and R) 
(same as in black boxes in D–H). Original magnification, ×200. (T) Mean number of intratumor vessels for each group ± SEM. *P < 0.05.
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In vivo AdCanHSA-AdNIS-131I combined therapy on the transgenic retinal  
pigmented epithelium tumor model. Transgenic tyrosinase related 
protein–1 (TRP-1) mice developing intraocular tumors were 
injected intravenously with AdCanHSA or AdCO1 and treated 
with intraorbital injection of AdNIS or AdCO1. AdNIS drove 
local and specific expression of a protein within the choroid, the 
retina, and the tumor (Figure 2, A and B). AdNIS-infected TRP-1  
intraocular tumors were injected i.p. with 131I, and radioiodide 
uptake was quantified 4 hours later (1.35%/g ocular tissue;  
P = 0.005 compared with AdCO1 group), confirming specific 
iodide uptake in the eyeballs and the specificity of the AdNIS-
131I antitumor effect described below.

Tumor growth was inhibited by AdCanHSA-AdNIS-131I combined 
therapy (mean, 0.8 mm2 compared with AdCO1 treatment, 2.9 mm2;  
70% tumor growth inhibition; P = 0.001). These results were 
also significant when compared with treatment with AdNIS-131I  
alone (mean, 4.1 mm2; P = 10—5) or AdCanHSA-131I alone (mean,  
2 mm2; P = 0.009) (Figure 2, D–M and S).

We next assessed whether angiogenesis was also inhibited by 
combined treatment in this model using lectin immunostaining. 
As shown in Figure 2, N–P, numerous vessels remained with an 
open lumen in AdCO1-, AdNIS-131I– and AdCanHSA-131I–treat-
ed tumors as compared with AdCanHSA-AdNIS-131I–treated 
tumors (Figure 2, Q and R). Quantification of the intratumor 
vascularization showed a strong antiangiogenic effect only in the 
AdCanHSA-AdNIS-131I– (81%; P < 0.001) and a slight one in the 
AdCanHSA-131I–treated (19%; P = 0.002) as compared with the 
AdCO1-treated group (Figure 2T).

In conclusion, 131I combined therapy cured different local lesions 
and was not found to be tumor type dependent.

In vivo AdCanHSA-AdNIS-131I combined therapy triggers both angio-
genesis inhibition with concomitant abrogation of HIF-1 expression and 
tumor mitochondrial apoptosis. Radiation has recently been shown to 
induce preferential apoptosis of vascular endothelial cells and to 
increase HIF-1 activity, leading to secretion of proangiogenic mol-
ecules that regulate angiogenesis-dependent tumor progression 
(12, 13). Paradoxically, HIF-1 can also drive apoptosis (23, 25). To 
further explain the antitumor effect of the dual therapy described 
above, we investigated the intratumor angiogenic network, HIF-1 
expression, and apoptotic signaling pathways in response to radia-
tion and/or canstatin.

To confirm the potential link between angiogenesis and MDA-
MB-231 tumor progression represented in Figure 1A, we assessed 
intratumor microvessels using CD34 immunostaining. Although 
vasculature of AdNIS-131I– or AdCanHSA-131I–treated tumors 
was slightly inhibited at day 15, vessel development was highly 
stimulated at day 30 (60.8 and 68.2 vessels/mm2, respectively, 
at day 30) (Figure 3A). In contrast, intratumor vessel develop-
ment was steadily inhibited in AdCanHSA-AdNIS-131I–treated 
tumors at days 15 and 30 (29.5 vessels/mm2 as compared with 58  
vessels/mm2 in the AdCO1-treated group; P = 0.004, at day 30) 
(Figure 3A), which is consistent with the constant tumor growth 
inhibition described in Figure 1A.

HIF-1 is known to stimulate tumor angiogenesis (13, 23, 24). As 
expected, AdNIS-131I or AdCanHSA-131I alone induced long-lasting 
expression of carbonic anhydrase IX (CAIX), an HIF-1–responsive 
gene (31) (Figure 3, C and D). At day 30, angiogenesis induced by 
radiation or canstatin alone was subsequent to HIF-1 expression. 
Interestingly, AdCanHSA-AdNIS-131I combined therapy–induced 
expression of CAIX at day 15 was unexpectedly abrogated over the 

treatment period (5-fold decrease in area fraction of CAIX-stained 
cells between days 15 and 30). We further showed that at day 30 CAIX 
protein expression mirrored HIF-1 mRNA expression. Addition-
ally, in situ hybridizations showed that combined therapy did not 
elicit HIF-1 mRNA expression over the treatment period (day 30),  
whereas AdCanHSA-131I or AdNIS-131I alone did (P = 0.03)  
(Figure 3E). Accordingly, at day 30, HIF-1 protein expression levels 
were not also detected by Western blotting following AdCanHSA- 
AdNIS-131I treatment, as compared with radiation alone or 
canstatin alone (Figure 3F).

These results indicate that radiation alone or canstatin alone 
both induce a mechanism of resistance by stimulating the HIF-1– 
dependent survival angiogenic pathways that correct for oxygen 
imbalances. Conversely, the combined therapy might decrease 
overall tumor resistance to radiation.

We next showed that AdCanHSA-AdNIS-131I combined therapy 
combined therapy was the only therapeutic approach resulting in 
marked and constant apoptosis (9- and 14-fold increase in apop-
totic MDA-MB-231 cells as compared with the AdCO1-treated 
group, at days 15 and 30 after infection, respectively; P < 0.0001) 
(Figure 3G). More precisely, the AdCanHSA-AdNIS-131I–induced 
apoptosis was secondary to mitochondrial damage, leading 
to both caspase-9 and caspase-3 cleavage (Figure 3, H and I). In 
contrast, AdCanHSA-131I and AdNIS-131I alone induced a weaker 
proapoptotic signal, at day 15, which faded out at day 30 (5- and 
2-fold increase in apoptotic cells/field as compared with AdCO1 
group [P < 10–3] at days 15 and 30, respectively) (Figure 3G).

This experiment allowed us to show that combining the treat-
ments induced a marked decline in angiogenesis with concomi-
tant abolition of HIF-1 and CAIX expression and potent apop-
tosis. Alternatively, HIF-1 has been shown to induce apoptosis 
(23–25). The extinction of HIF-1 expression in AdCanHSA-AdNIS-
131I–treated tumors might thus be a consequence of induction of 
an HIF-1–dependent apoptotic process.

To further characterize a possible link between HIF-1 and a tumor 
cell death pathway following administration of combined therapy, 
we explored in vitro the possibility that HIF-1 participates in the 
control of mitochondrial apoptosis and mitotic checkpoint after cell 
exposure to canstatin alone, radiation alone, or combined therapy.

In vitro, HIF-1 and canstatin activate the integrin-mediated mitochondrial  
apoptotic signaling pathway. To investigate a possible role of HIF-1 in 
mitochondrial tumor apoptotic cell death following administra-
tion of canstatin, we performed in vitro studies of HIF-1 expression 
and caspase-3 cleavage from AdCanHSA-infected MDA-MB-231  
tumor cells. Treatment of MDA-MB-231 tumor cells with 100 μM 
desferrioxamine (DFO) potently induced HIF-1 stabilization.

In vivo, canstatin combined with radiation downregulated 
the expression of HIF-1 (Figure 3C). As expected, HIF-1 protein 
expression was also abolished by CanHSA in vitro (Figure 4A, right 
panel). This phenomenon was accompanied by caspase-3 cleavage. 
In contrast, CanHSA induced a low apoptotic effect in tumor cells 
that did not express HIF-1 (Figure 4A, compare center and right 
panels). Both HIF-1 expression inhibition and increased cleavage 
of caspase-3 depend on the level of CanHSA infection (Figure 4B, 
right panel). The results shown in Figure 4C further indicated that 
CanHSA treatment was able to mediate a cytotoxic effect only 
when HIF-1 accumulation was high.

We confirmed the link between HIF-1 and the induction of a 
tumor apoptotic pathway by CanHSA using the von Hippel–Lin-
dau–defective (VHL-defective) renal cell carcinoma 4 (RCC4) cell 
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line, which fails to produce a WT VHL protein (VHL mutated), lead-
ing to constitutive HIF-1α overexpression. In these cells, CanHSA  
induced apoptosis through caspase-3 cleavage (Figure 4D).  
In contrast, reexpression of WT VHL led to downregulation of 
HIF-1. Pretreatment of these cells with 50 or 100 μM DFO was able 
to induce HIF-1 expression. In this context, CanHSA also induced 
caspase-3 cleavage, as observed in MDA-MB-231 cells (Figure 4E).

In contrast, CanHSA-induced apoptosis also occurred inde-
pendently of HIF-1 in endothelial cells. Indeed, CanHSA-medi-
ated caspase-3 cleavage was observed without DFO. Induction 
of HIF-1 protein expression amplified caspase-3 cleavage but 
was not essential (Figure 4F).

We then asked whether the extinction of HIF-1 protein expres-
sion is due to a canstatin-mediated transcriptional downregula-
tion of HIF-1. In vitro, the expression level of HIF-1 mRNA, evalu-
ated by RT-PCR in tumor and endothelial cells, was not modulated 
by CanHSA (data not shown).

Taken together, the results indicate that the apoptotic process 
observed in the in vivo experiments described above was not due 
to canstatin-induced inhibition of the HIF-dependent survival 
pathway. We hypothesize that CanHSA-mediated endothelial cell 
death might induce in vivo HIF-1 protein expression, which can 
in turn increase the efficacy of CanHSA antiangiogenic therapy by 
upregulating a tumor apoptotic pathway.

Furthermore, we have previously established that CanHSA sen-
sitivity can be predicted based on integrin gene expression pro-
files. Indeed, interaction of CanHSA with αvβ3 and αvβ5 integrins 
selectively triggers the mitochondrial apoptotic pathway (29). We 
therefore investigated whether αvβ5 integrins mediate the HIF-1– 
dependent tumor apoptotic signal for CanHSA. FACS analysis 
allowed us to characterize αvβ5 integrin expression on the surface 
of MDA-MB-231 cells. As shown in Figure 4G, expression of αvβ5 
on tumor cells was increased 3-fold following HIF-1 expression  
(P < 0.01). Transfection of an siRNA specifically silencing the β5 inte-
grin subunit reduced surface expression of αvβ5 by 30% (P < 0.01).  
This level of inhibition of αvβ5 expression was sufficient to signifi-
cantly reduce the ability of CanHSA both to reduce HIF-1 protein 
level and to cleave caspase-3 (Figure 4H). In contrast, inhibition of 
αvβ3 expression in MDA-MB-231 tumor cells using a specific siRNA 
did not modify the caspase-3 cleavage according to an HIF-1– 
dependent tumor apoptotic process as previously described for 
αvβ5 integrin (Figure 4I).

To definitively confirm whether HIF-1 is required to induce the 
CanHSA-induced apoptotic process, an siRNA silencing HIF-1  
expression (Figure 6) was transfected into MDA-MB-231 cells. 

As shown in Figure 4I, CanHSA-induced cleaved caspase-3 level 
decreased when HIF-1 expression was downregulated.

Together, our results show that both αvβ5 integrins and HIF-1 
play pivotal roles in stimulating the CanHSA-induced mitochon-
drial tumor apoptotic pathway.

In vitro, HIF-1 and radiation control the G2/M checkpoint, tetraploidy,  
and hypoploidy. We next investigated whether HIF-1 might be involved 
in the control of both apoptosis and genomic instability following 
irradiation of tumor and endothelial cells. Cell-cycle arrest in mitosis 
(G2/M checkpoint) serves to repair DNA damage caused by ionizing 
radiation. Defects in the mitotic checkpoint generate tetraploid and/
or aneuploid states that contribute to tumorigenesis and acquired 
resistance to some therapeutics, especially in the absence of function-
al p53 (32, 33). If the G2/M checkpoint is abolished, cells can enter 
mitosis prematurely, before DNA damage has been repaired. Aber-
rant mitoses sensitize cells to death by mitotic catastrophe (34).

Here, irradiation of p53-null MDA-MB-231 tumor cells induced 
a dose-dependent defective mitotic checkpoint, promoting tetra-
ploidy without signs of hypoploidy (subG1) (Figure 5, A and B). 
HIF-1 expression abolished both mitotic checkpoint and tetra-
ploidy and led DFO-treated MDA-MB-231 tumor cells to enter 
mitosis after irradiation at different doses (Figure 5, A and B).

In irradiated p53-mutated RCC (VHL mutated) cells, stabiliza-
tion of HIF-1 expression inhibited cell-cycle arrest defects, thereby 
preventing cell tetraploidy, as compared with RCC cells (VHL WT), 
which do not express HIF-1 (Figure 5, C and D).

Irradiated p53 WT HUVECs underwent cell-cycle arrest in G2/M. 
Apoptosis (subG1) was also rapidly initiated. Cells were capable 
of recovering mitosis and eliminating tetraploid cells when HIF-1 
expression was induced, as described above (Figure 5, E and F). 
Furthermore, abrogation of the G2/M arrest by HIF-1 increased 
the hypoploidy, thereby providing a shift from mitosis to apopto-
sis (35) (Figure 5, E and F). Collectively, our results indicate that 
HIF-1 plays a crucial role in forcing both endothelial and tumor 
cells to enter into aberrant mitoses, leading to death (34).

In vitro, HIF-1 triggers the tumor apoptotic switch in response to com-
bined therapy. Having shown that HIF-1 activation is a driving 
force that shifts cells toward apoptosis, the survival and number 
of annexin V–positive MDA-MB-231 tumor cells, DFO-treated and 
nontreated, was analyzed following AdCanHSA infection either 
alone or in combination with γ-irradiation. Tumor apoptosis was 
markedly increased in response to combined therapy only in DFO-
treated cells, i.e., when HIF-1 was expressed, as compared with sin-
gle therapies (53% of annexin V–positive DFO-treated, P < 0.003; 
34% and 75% annexin V–negative DFO-treated and -nontreated 

Figure 3
In vivo, detection of hypoxic, apoptotic, and endothelial markers in MDA-MB-231 xenografted tumors following AdNIS-131I therapy combined 
with AdCanHSA. (A) The number of CD34-stained intratumor microvessels per square millimeter was quantified by digital analysis of tumor 
tissue sections at day 30 after infection. Original magnification, ×100. (B) Representative images of CD34 endothelial immunostaining. (C) 
Quantification of the area fraction of hypoxic CAIX-stained cells within digitized sections from AdCO1-, AdNIS-, AdCanHSA-, and AdCanHSA-
AdNIS–injected tumors at days 15 and 30 (i.e., at days 8 and 20 after injection of 131I). (D) Representative CAIX-stained digitized sections for 
each group. (E) Quantification of HIF-1 mRNA levels by in situ hybridization analysis. The number of cells per field producing mRNA HIF-1α was 
quantified within tumors sections (×40) at day 30 following injections of appropriate adenoviruses listed above. (F) Western blotting analysis of 
HIF-1α protein levels within nuclear (N) and cytoplasmic (C) extracts of adenovirus-infected xenografted tumors. A whole-cell lysate of RCC (VHL 
mutated) cells was considered as positive control. Note that HIF-1α and CAIX have a similar expression pattern at day 30. (G) The proportion 
of apoptotic cells per field was quantified within sections (×200) (TUNEL method) at days 15 and 30 after infection. Quantification of the area 
fraction of caspase-9– (H) and caspase-3–stained cells (I) within digitized sections from treated tumors at day 30 as described in Figure 1A. (J) 
Representative illustrations of both TUNEL and caspase-3 staining. Columns, mean ± SEM of 9 mice for each treated group. All digitized paraf-
fin-embedded tumor sections were obtained from the experiment described in Figure 1A. Original magnification, ×200.
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cells (survival fraction), respectively, P = 0.0008) (Figure 6, A–C). As 
previously reported, HIF-1 expression enhanced tumor cell death 
induced by CanHSA alone (21% and 12% of annexin V–positive 
cells, DFO-treated and untreated, respectively; P = 0.01).

To further determine whether expression of HIF-1 controls 
the tumor apoptotic switch following the combined therapy, an 
siRNA that specifically silenced HIF-1 expression was used in 
MDA-MB-231 cells (Figure 6D). As shown in Figure 6, E and F, 

Figure 4
HIF-1 is required for potentiation of integrin-mediated tumor apoptotic signaling pathway induced by CanHSA. The expression levels of both 
HIF-1α and caspase-3 were assessed by Western blotting of whole-cell extracts prepared from AdCO1- or AdCanHSA-infected MDA-MB-231 
cells, in the presence or absence of DFO (A) at different time points following infection (B) with several MOIs (2,000, 10,000, or 16,000 particle 
viral [PV]) or (C) at different concentrations of DFO (1, 10, 50, and 100 μM [D1, D10, D50, and D100]). Immunoblots of whole-cell extracts, from 
noninfected (NI) or AdCO1- or AdCanHSA-infected RCC cells expressing VHL mutated (D) or VHL WT (E) in the presence or absence of DFO, 
confirmed that HIF-1 expression potentiates caspase-3 cleavage following infection with AdCanHSA. (F) Western blotting of protein extracts from 
HUVECs showed that HIF-1α is not required to induce the CanHSA-mediated apoptotic process in endothelial cells. Note that HIF-1α expression 
slightly accelerated caspase-3 cleavage. Staurosporine (St), a known inducer of caspase-dependent apoptosis, was used as a positive control. 
To determine whether αvβ5 integrins promote the CanHSA-induced HIF-1α signaling tumor apoptotic pathway, expression of αvβ5 was silenced 
through siRNA β5 on MDA-MB-231 cells expressing or not expressing HIF-1α (FACS analysis as previously described; ref. 27) (G) and Western 
blotting was done on whole-cell extracts from AdCO1- or AdCanHSA-infected MDA-MB-231 cells, which were transfected with random siRNA 
(siRNA scrambled) or siRNA β5 (H). (I) In parallel, to investigate whether αvβ3 integrins take part in the HIF-1–dependent tumor apoptotic process, 
MDA-MB-231 cells were also transfected with siRNA β3 and then infected with AdCO1 and AdCanHSA. Each experiment was done twice. To 
confirm whether CanHSA triggers an HIF-1–dependent apoptotic process, we transfected an siRNA HIF-1 within the MDA-MB-231 cells.
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inhibition of HIF-1 expression significantly reduced cell death 
following CanHSA treatment alone or combined therapy (35% 
and 9% of annexin V–positive DFO-treated cells transfected with 
random siRNA and siRNA HIF-1, respectively; P < 0.05), thus 
indicating that HIF-1 plays a crucial role in potentiating radia-
tion, confirming in vivo observations.

Discussion
The efficacy of 131I therapy depends on the radiation dose deliv-
ered to NIS-transduced tumor tissues, which is related to both 131I 
uptake and 131I retention in tumor cells. In order to compensate for 
the rapid iodide efflux of nonthyroidal nonorganifying tumor cells, 
high 131I activity (1–16 mCi per dose) must be administered to mice 
in NIS-transduced xenografted tumors in order for any therapeutic 
effect to be observed (10, 30). However, administering efficient but 
safe 131I doses is a crucial step toward the clinical application of 
nonthyroidal radioiodine therapy following NIS gene delivery.

This is the first study to our knowledge to show that cotransfer-
ring NIS and CanHSA in vivo within well-established mammary 
xenografts combined with a single and relatively low 131I (300 μCi) 
activity leads to a strong tumor size reduction (86%) and complete 
eradication in 25% of cases. It is noteworthy that treatment of 
nu/nu mice began when each mouse had a large, vascularized solid 
tumor (i.e., volume >70 mm3) in this study. We have previously 

shown that CanHSA alone can lead to 98% tumor growth inhibi-
tion (20% of total regression) at an earlier stage of cancer with an 
immature vascularization (i.e., mean tumor volume of 30 mm3) 
(29). In the present study, only 55% inhibition of growth of large 
tumors occurred following CanHSA injection alone, showing 
that antiangiogenic treatment alone is more efficient for inhibit-
ing small tumor development, by antagonizing endothelial cell 
growth during the early stage of tumor angiogenesis (17, 36). We 
show here that the combined strategy promotes inhibition and 
regression of large tumors. To validate these results in tumors 
developing de novo in their natural tissue environment, we fur-
ther applied this combined therapy to treat mice of the transgenic 
TRP-1 model in which ocular tumor progresses through multiple 
stages in their natural tissue microenvironments, thereby more 
closely mimicking human cancers (36). This approach confirmed 
that combined AdCanHSA-AdNIS-131I therapy appears to be a 
promising therapeutic strategy, although clinical translation of 
this approach awaits extensive investigation to evaluate potential 
toxicity. Nevertheless, the concept of combining an antiangio-
genic agent with 131I therapy may also be valid in patients with 
thyroid cancer in whom radioiodide is ineffective because the 
radiation dose is too low (37). This strategy may also be appli-
cable to other human tumors such as pheochromocytoma and 
neuroblastoma for which meta-iodobenzylguanidine therapy is 

Figure 5
HIF-1 mediates the control of mitosis check-
point, aneuploidy, and haploploidy follow-
ing radiation. Cell-cycle distribution of cells 
exposed to escalating doses of γ-radiation (2, 
16, and 32 Gy, for each dose, twice, 3 hours 
apart). Percentage of cells of the population 
found in G1, S, G2/M phase and tetraploidy for 
MDA-MB-231 cells (A and B), RCC cells (VHL 
mutated or WT) (C and D), and HUVECs (E 
and F). Bars indicate SEM. Each experiment 
was done twice. All experiments were per-
formed with VEGF and bFGF, confirming that 
HIF-1 controls this checkpoint in a growth fac-
tor–independent manner.
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ineffective, to endocrine tumors treated with radiolabeled soma-
tostatin analogs, and even in patients treated with radiolabeled 
monoclonal antibodies or external beam radiation therapy, for 
which the radiation dose applied might be suboptimal (38).

Angiogenic inhibitors also improve the therapeutic index of 
external beam radiation therapy (16–22). Nevertheless, the mech-
anisms underlying enhanced radiation response caused by anti-
angiogenic agents require further elucidation. Radiation therapy 
alone is known to trigger tumor resistance through increased HIF-1  
activity, leading to upregulation of angiogenesis as well as tumor 
cell survival pathways (13, 15, 18). HIF-1 is a key cellular modula-
tor that is shared by many different signaling pathways, such as 
apoptosis, which has proven to be tightly interwoven with other 
essential cell pathways (23, 24).

Here, we show that endothelial cells are the first target of 
both canstatin and radiation. The signaling pathway leading 

to endothelial cell death is not dependent on HIF-1. In con-
trast, tumor cell death is a secondary event that depends on 
both endothelial cell death and HIF-1 activity. For the first time 
to our knowledge, we show in vivo and in vitro that combined 
therapy induces a marked inhibition of tumor vasculariza-
tion that triggers HIF-1 expression, which then drops over the 
treatment period, whereas the antitumor activity of canstatin 
increases through an HIF-1–dependent tumor apoptotic path-
way (Figure 6G). Thus, combined therapy can overcome HIF-1– 
mediated survival mechanisms induced by radiation therapy 
itself or angiogenesis inhibition therapy alone (18, 20, 21).  
Experimental studies have previously shown that decreasing HIF-1  
activity in tumors can reduce tumor growth, suggesting that 
antagonizing the HIF-1 signaling survival pathway could help in 
the treatment of cancer (24). In contrast, we establish here that 
HIF-1 activation is important in driving tumor cell death induc-

Figure 6
HIF-1 is the key regulator of the tumor apoptotic switch following combined therapy. 
FACS, annexin V–FITC, and propidium iodide [PI] profiles of MDA-MB-231 cells that 
were viable (A); in early apoptosis with membrane integrity (B); or in late apoptosis 
with death following AdCanHSA infection combined or not with γ-radiation (C). (D) To 
assess the suppression of HIF-1α expression, Western blotting was done on noninfect-
ed or AdCanHSA-infected MDA-MB-231 cells that were transfected with random siRNA 
(siRNA scrambled [siScr]) or siRNA HIF-1α (siHIF). (E and F) Annexin V–FITC staining 
was performed on transfected MDA-MB-231 cells following AdCanHSA infection com-
bined or not with γ-radiation. Bars represent SEM. Each experiment was done twice. 
*P < 0.05. (G) Schematic illustration of the role of HIF-1 in tumor response to canstatin 
and/or radiation. Endothelial cell death is directly triggered by both canstatin through 
an integrin-mediated mitochondrial apoptotic mechanism and radiation exposures 
through an apoptotic pathway. The resulting microvascular dysfunction induces HIF-1α  
expression, as a mandatory signal regulating the tumor adaptive response. HIF-1α  
in turn upregulates integrin-receptor expression on tumor cell surface, enhancing spe-
cifically HIF-1α signaling tumor apoptotic pathway triggered by canstatin. Moreover, 
HIF-1 confers the conversion of sublethal radiation damage, such as mitotic arrest and 
tetraploid status, into lethal lesions through aberrant mitosis in both endothelial and 
tumor cells. Collectively, induction of profound tumor cell death requires both canstatin-
induced tumor apoptotic pathway and radiation-mediated mitotic catastrophe through 
an HIF-1 signaling molecular mechanism.
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tion. Indeed, in vitro, HIF-1 transcription was not downregulated 
by canstatin. Moreover, since in vitro only high concentrations of 
HIF-1 were shown to lead to canstatin-induced apoptotic tumor 
cell death (Figure 4C), the strength of HIF-1 expression might 
determine whether cells become apoptotic or adapt to hypoxia 
and survive. Severe hypoxia induced by combined therapy might 
initiate apoptosis, whereas tumor cells adapt to mild hypoxia and 
survive following canstatin alone or radiation alone.

More precisely, the cell-surface receptor triggering the HIF-1 
signaling apoptotic pathway was characterized. As we showed 
previously, the binding of canstatin to αvβ3 and αvβ5 integrins 
induces both endothelial and tumor cell apoptosis, thereby 
eliminating the codependent cycle of tumor growth and angio-
genesis (29). Our present findings show that the HIF-1–medi-
ated tumor apoptotic pathway is triggered through the bind-
ing of canstatin to αvβ5 integrins, whose cell-surface expression 
is strongly increased by HIF-1 (Figure 6G). In contrast, HIF-1 
activity is not essential in endothelial cells to amplify the apop-
totic pathway because integrins usually highly expressed on 
endothelial cell surfaces are only modestly increased following 
HIF-1 expression. Given the previous studies showing that ROSs 
induce tumor HIF-1 activity (15, 39, 40), which can control 
tumor cell adhesion, migration, and invasion through regula-
tion of a key integrin expression (41), antagonists of αvβ5 inte-
grins, such as canstatin, hold a definite therapeutic advantage 
by blocking the HIF-1 signaling survival pathway generated by 
irradiated tumor tissue.

Several molecular mechanisms are known to block tumor cell 
proliferation after irradiation to ensure genomic integrity: cells 
may either undergo cell-cycle arrest with DNA repair or succumb 
to related forms of programmed cell death. Given that radiation-
induced ROS accumulation leads to HIF-1 stabilization (15, 40), 
we further delineated the role of HIF-1 on cellular radiosensitiv-
ity, focusing the study on both its apoptotic and mitotic poten-
tial. Our observations indicate that radiation-induced mitotic 
arrest and tetraploidy in both endothelial and tumor cells are 
not lethal by themselves. Disrupted passage through mitosis 
often leads to the production of aneuploid progeny, which may 
confer a proliferative advantage, as previously described (32, 33). 
Interestingly, HIF-1 allows cells to escape from G2/M cell-cycle 
arrest, both forcing them to enter mitosis prematurely before 
DNA damage has been repaired and impeding tetraploidization. 
It has been reported that a weakened checkpoint signal is suf-
ficient to maintain cell viability but leads to aneuploidy. Also, a 
completely inactive mitotic checkpoint results in cell-autono-
mous lethality (42). Thus, a large proportion of aberrant mito-
ses induced by HIF-1 may become lethal by mitotic catastrophe 
(34, 43). Conversely, suppression of mitotic catastrophe leads to 
aneuploidy, and chromosomal instability is linked to the pro-
gressive development of high-grade, invasive tumors (33, 43).  
Mitotic catastrophe is functionally linked to apoptosis, but p53 
is not involved in mitotic catastrophe (43, 44), confirming that 
this mechanism may be active both in p53 WT endothelial cells 
or p53-null tumor cell lines. Nevertheless, p53 status has the 
intrinsic capacity to eliminate tetraploid cells and suppress the 
proliferative advantage (33).

Our study highlights an important connection between radia-
tion and antiangiogenic treatments that could potentially be taken 
advantage of to overcome the HIF-1–dependent tumor radioresis-
tance in clinical practice.

Methods

Recombinant adenoviruses
AdNIS and AdCanHSA are ΔE1-ΔE3 recombinant adenoviruses express-
ing, respectively, the rat NIS and the human canstatin, fused to HSA 
moiety, as previously described (9, 29). AdCO1, a negative control, is an 
empty E1E3-deleted recombinant adenovirus with no transgene replac-
ing the E1 genes (17).

Cell culture
HUVECs and mammary MDA-MB-231 cells have been previously 
described (29). RCC4 cells, known to harbor a VHL mutation (VHL 
mutated), ablating proteolytic regulation of HIF-1, and RCC cells stably 
transfected with WT pVHL (VHL WT) were grown in DMEM supple-
mented with 10% FBS (45).

For hypoxic treatment, cells were grown in the presence of 1, 10, 50, or 
100 μmol/l of DFO (Sigma-Aldrich).

Tumor models and in vivo iodide experiments
Xenografted MDA-MB-231 tumor mouse model. All in vivo experiments were 
approved by the Direction des Services Veterinaires du Val de Marne, 
Rungis, France.

Human tumors were induced by s.c. injection of 4 × 106 MDA-MB-231 
cells into the dorsa of nu/nu mice. At day 1, when tumor volumes had 
reached a mean value of 72 ± 5 mm3, the animals were randomized into 4 
groups (n = 9 per group). All tumors received 2 injections, 72 hours apart 
(days 1 and 4), of 4 × 109 PFU of adenoviruses per intratumor injection. 
Each injection contained 2 adenoviruses (2 × 109 PFU per adenovirus): 
AdCO1 and AdNIS (group 2), AdCO1 and AdCanHSA (group 3), or AdNIS 
and AdCanHSA (group 4). The control group (group 1) received 4 × 109 
PFU of AdCO1 per injection.

123I and 131I were injected i.p., at 24 hours (day 5) or 48 hours (day 6)  
respectively, after the second adenoviral injection. During the week 
before iodide administration, thyroxine treatment was given to suppress 
thyroid iodide uptake (9).

Blood samples were collected at day 10 to quantify CanHSA protein 
levels by ELISA (29). For uptake measurements ex vivo, mice were sac-
rificed at 4, 8, and 24 hours following the injection of 300 μCi of 131I. 
Tumors were weighed, and radioactivity was quantified using a calibrat-
ed well gamma counter (Compugamma 1282; LKB Wallac). For imaging 
experiments, animals were anesthetized 4 hours following the injection 
of 50 μCi of 123I. Scintigraphy was performed with a gamma camera 
(Axis; Philips Medical Systems). The amount of radioactivity present in 
each tumor was quantified using ImageJ software for computer-assist-
ed image analysis (version 1.31; http://rsb.info.nih.gov/ij.). For radio-
iodide therapy, mice were injected with 100 μCi (data not shown) or  
300 μCi of 131I. To evaluate treatment efficacy, tumor sizes were moni-
tored every week for 4 weeks following adenoviral injections. The tumors 
were removed and fixed in FineFIX (Milestone) at days 8 and 20 after 
injection of radioiodide for immunohistological analyses.

TRP-1 transgenic mouse model. This transgenic mouse line developed 
tumors in the RPE and in the choroid-retinal epithelium interface (46). 
TRP-1 mice were injected i.v. with 109 PFU of AdCanHSA or AdCO1, both 
3 days after birth in the temporal vein and 15 days after birth in the retro-
orbital vein. At day 21 after birth, a single intravitreal local injection of 
AdNIS or AdCO1 (109 PFU) was performed within both ocular eyeballs in 
each mouse. Iodide was injected i.p. 72 hours following the local injection 
of AdNIS or AdCO1 (n = 10 per group).

A single dose of 131I was administered for uptake measurement ex vivo 
(50 μCi) or for therapy (300 μCi). Heads of TRP-1 mice were removed  
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45 days after birth (i.e., 21 days after radioiodide treatment) and fixed in 
FineFIX for immunohistological analyses.

Quantification of CanHSA in vivo
CanHSA protein in sera of xenografted mice was quantified by ELISA, as 
previously described (29).

Histology and immunohistochemistry
MDA-MB-231 xenografted tumors. After fixation of tumors in FineFIX, paraf-
fin sections were stained with hematoxylin-eosin-saffranin (HES).

Measurements of TRP-1 tumor area. The heads of TRP-1 mice were fixed in 
FineFIX and embedded in paraffin. Five-micrometer sections of eyeballs 
were prepared for each animal and stained with HES. Tumor areas were 
drawn and measured with PixCyt, a software package for computer-assist-
ed image analysis, as previously described (47).

Analysis of NIS and CanHSA expression. NIS protein and CanHSA expres-
sion protein were revealed by immunohistochemistry using anti-NIS (9) 
and anti-HSA (Sigma-Aldrich) polyclonal antibodies, respectively, and then 
revealed with the DAB PowerVision kit (ImmunoVision Technologies Co.) 
(data not shown).

Quantification of intratumor microvessels. Histological slides from xeno-
grafted animals were incubated with a monoclonal rat anti-mouse CD34 
antibody (Hycult Biotechnology). For signal amplification, slides were 
then incubated with rabbit anti-rat immunoglobulins (Dako), and the 
signal was revealed with the rabbit DAB PowerVision kit (ImmunoVision 
Technologies Co.).

A posterior section of the head of each transgenic animal was incubated 
with TRITC-conjugated lectin antibody (Sigma-Aldrich).

CAIX expression. The samples were incubated with a monoclonal anti-
human CAIX antibody (MN antigen; Slovak Academy of Sciences, Bratisla-
va, Slovak Republic). The cytoplasmic signal was revealed with the DAB 
HistoMouse-Max kit (Zymed Laboratories Inc.).

Caspase-3 and -9 expression. MDA-MB-231–derived tumors were 
immunostained for polyclonal rabbit anti-human cleaved caspase-3 and 
caspase-9 (BioValley).

Quantitative digital analysis of tumor tissue sections. Each slide was ana-
lyzed using a Zeiss Axiophot microscope. A single representative whole 
tumor tissue section from each animal was digitized using a slide scanner 
(Nikon). Prior to computerized analysis, regions of interest were drawn to 
exclusively select tumor tissue and to eliminate both nontumor tissue and 
large colored artifact deposits. Quantification of CAIX-, caspase-3– and 
caspase-9–stained tumor cell surfaces and CD34-stained blood vessels 
on histological slides was achieved using PixCyt software (47). The ratio 
between stained and unstained tumor cells was then established.

Apoptotic cell quantification. An in situ cell death detection kit (Roche Applied 
Science) employing the TUNEL method has been previously described (29).

HIF-1 analysis. To quantify HIF-1α mRNA levels within treated  
MDA-MB-231 tumors described above, paraffin sections were incubated with a  
32P-labeled HIF-1α antisense probe, and in situ hybridization was per-
formed as previously described (48).

Western blot analysis
In vivo, for HIF-1α protein expression analysis, MDA-MB-231 xenograft-
ed tumors were dissected at day 20 following 131I injection, as described 
above. Cytoplasmic and nuclear protein extracts were incubated with 

monoclonal mouse anti–HIF-1α (BD Biosciences — Pharmingen) and were 
revealed with a peroxidase-conjugated goat anti-mouse antibody (Jackson  
ImmunoResearch Laboratories Inc.).

In vitro, HUVECs, MDA-MB-231 and RCC (RCC4) cells were harvest-
ed at the indicated time points after infection with adenovirus. HIF-1α, 
cleaved caspase-3, and ERK expression was analyzed using anti-human 
HIF-1α, anti-human cleaved caspase-3 (described above), or anti-ERK 
antibodies (Upstate).

Staurosporine was used in order to induce apoptosis, as previously 
described (29).

Flow cytometry
Cell-cycle studies. In vitro, HUVECs, MDA-MB-231 and RCC (RCC4) cells, 
grown with or without DFO (100 μmol/l), were irradiated with 1.824 Gy/min  
137Cs γ-rays at different doses. Cells were collected 48 hours after irradia-
tion. Cells were suspended in PBS and then fixed with 70% ethanol at 4°C. 
After centrifugation, the supernatants were discarded, and cellular DNA 
was stained in a solution containing 10 μmol/l of DAPI.

Measurement of apoptotic cell death. In vitro, MDA-MB-231 cells, grown 
with or without DFO (1, 10, 50, or 100 μmol/l) were harvested 48 hours 
following adenoviral infection and/or irradiation (coupled to or in the 
absence of siRNA). Apoptotic cells were immunostained with Annexin V-
FITC Apoptosis Detection Kit I, as recommended by the manufacturer (BD 
Biosciences — Pharmingen). Data analysis was performed with CellQuest 
software (version 3.4; BD).

HIF-1α and integrin gene silencing in MDA-MB-231 cells
siRNA β3 and β5 and siRNA HIF-1 were purchased from Ambion and 
Eurogentec, respectively, as previously described (29, 49).

Statistics
Each experiment was done twice. Statistical analysis was performed using 
1-tailed Student’s t test (unilateral and unpaired). Differences with a P 
value less than 0.05 were considered statistically significant.
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