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Abstract 

 Hypoxia inducible factor-2alpha (HIF-2α) is highly expressed in embryonic 

vascular endothelial cells (ECs) and activates the expression of target genes whose 

products modulate vascular function and angiogenesis. In this report, we describe a 

genetic model designed to test the physiological consequences of deleting HIF-2α in 

murine endothelial cells. Surprisingly, mice with HIF-2α deficient ECs developed 

normally but displayed a variety of phenotypes including increased vessel permeability, 

aberrant endothelial cell ultrastructure, and pulmonary hypertension. Moreover, these 

animals exhibited defective tumor angiogenesis associated with increased hypoxic 

stress and tumor cell apoptosis. Immortalized HIF-2α deficient ECs displayed decreased 

adhesion to extra-cellular matrix proteins and expressed reduced levels of transcripts 

encoding fibronectin, integrins, endothelin B receptor (ET-B), angiopoietin 2 (Ang2) and 

delta-like ligand 4 (Dll4). Together, these data identify unique cell-autonomous functions 

for HIF-2α in vascular endothelial cells.  
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Introduction 

 

The generation and function of vascular endothelial cells (ECs), as well as the 

recruitment of support cells such as pericytes and vascular smooth muscle cells, is 

regulated by local physiological stimuli1.  In particular, the synthesis and activity of many 

angiogenic factors, including VEGF (Vascular Endothelial Growth Factor), the 

Angiopoietins (Ang1-4), and their cognate receptors2, are modulated by the effects of 

infiltrating macrophages, extracellular matrix proteolysis, and tissue hypoxia (O2 

deprivation)3,4. Of note, localized hypoxia regulates angiogenic responses during normal 

embryonic development, and in pathophysiological contexts such as solid tumor 

growth5,6. 

Cells respond to hypoxia through multiple mechanisms, including the stabilization 

of Hypoxia Inducible Factors (HIFs), which are heterodimeric bHLH-PAS transcriptional 

activators consisting of a distinct HIF-α subunit and HIF-β subunit (also called ARNT). 

HIFs stimulate the expression of more than 150 genes whose products orchestrate 

adaptive responses including angiogenesis, altered cellular metabolism and increased 

erythropoiesis7,8. HIF activity is regulated primarily through hypoxia-induced post-

translational stabilization and activation of HIF-α subunits, reviewed in detail elsewhere9. 

The majority of HIF transcriptional activity is mediated by two distinct complexes 

consisting of ARNT bound to either of the highly related proteins HIF-1α or HIF-2α (also 

called EPAS-1/HRF/HLF/MOP2), which display a high degree of sequence similarity in 

critical functional domains8. Whereas HIF-1α appears to be expressed in most cell types, 

HIF-2α mRNA expression is detected most prominently in embryonic vascular ECs, 

kidney mesangial cells, neural crest-derived sympathetic ganglia, and epithelial cells of 

the developing lung10-13. Although HIF-1α and HIF-2α have partly overlapping sets of 

target genes, mounting evidence indicates that both proteins activate a distinct subset of 

hypoxically induced genes14,15. These data support the idea that HIF-1α and HIF-2α play 

unique and, in some cases, opposing roles in important cellular processes16,17.  

The expression of HIF-2α in vascular ECs, along with its ability to regulate the 

expression of VEGF, VEGF Receptor-1 (Flt-1), VEGF Receptor-2 (Flk-1) and Tie2 (the 

receptor tyrosine kinase for Ang1 and Ang2), suggests that HIF-2α plays an important 

role in angiogenesis.  Obtaining in vivo support for this hypothesis has been confounded, 

however, by the complex phenotypes observed in three independent germline murine 
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HIF-2α knockout strains. Targeted HIF-2α deficiency results in embryonic or perinatal 

lethality associated with bradycardia, defective lung maturation, and mitochondrial 

dysfunction, depending on genetic background10,18-20. In one report, however, 

approximately 50% of HIF-2α deficient embryos displayed yolk sac and embryonic 

vascular remodeling defects20. This vascular defect correlated to decreased Tie2 

expression, and was partly rescued by transgenic expression of a Hif-2α cDNA under 

the control of the Tie2 promoter in some homozygous mutant embryos21.  These data 

indicate that HIF-2α plays a functional role in murine ECs, although the precise 

mechanisms involved remained unclear. 

To further investigate the role of HIF-2α in EC functions while circumventing the 

complex and various phenotypes observed in global Hif-2α deletion strains, we ablated 

HIF-2α function specifically in murine vascular ECs.  These mice display specific defects 

in vessel integrity and tumor angiogenesis associated with decreased expression of 

fibronectin, integrins, endothelin B receptor (ET-B), angiopoietin 2 (Ang2) and delta-like 

ligand 4 (Dll4) in ECs.  Collectively, these data establish a unique cell-autonomous role 

for HIF-2α in adult murine ECs. 

 

 

Materials and Methods  
 
Materials 

Lewis lung carcinoma, murine endothelial MS1, and B16F1 and B16F10 

melanoma cells were obtained from American Type Culture Collection (ATCC). 

Hypoxyprobe (pimonidazole) and corresponding antibody were obtained from Millipore, 

and Apo-BrdU TUNEL assay kit from MBL International. ABC Elite and MOM kits were 

from Vector laboratories. Antibodies, used for immunohistochemistry, 

immunofluorescence, and Western blot analysis were obtained from commercial 

suppliers (see Supporting Information). 

 

Generation of conditional HIF-2α VE-cadherin-Cre mice 

To delete HIF-2α function in ECs, mice carrying the conditional Hif-2αfl allele, 

(Supplementary Figure 1A-B) and 22, were bred to transgenic mice expressing Cre 

recombinase under the VE-cadherin promoter (Cre)23 to obtain experimental Hif-2αfl/Δ, 

Cre (KO) and control Hif-2αfl/+, Cre mice (details supplied as Supplementary Information). 
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All mice had a mixed Sv129/C57Bl6 genetic background. All animal experiments were 

conducted in accordance with the National Institute of Health guidelines for use and care 

of live animals and were approved by the University of Pennsylvania Institutional Animal 

Care and Use Committee. 

 

Whole-mount LacZ staining of embryos and histological analyses  

Mice carrying the conditional Hif-2αfl allele were crossed to the ROSA26R 

reporter strain, and E11.5 embryos obtained from timed matings between Hif-2αfl/fl, 

ROSA26R/ROSA26R and VE-cadherin-Cre transgenic mice.  To assess VE-cadherin 

promoter activity, Hif-2αfl/+, ROSA26R/+, Cre embryos were fixed and stained for β-

galatosidase activity as described 23.  

 

Tumor xenografts 

  Xenograft tumors were generated by injecting 4 x 106 Lewis Lung carcinoma 

cells (LLC) or 1.5x106 B16F1/B16F10 melanoma cells subcutaneously on flanks of 

control and KO mice. To visualize hypoxic regions, mice were injected intraperitoneally 

with 150 μl of 1 mg/ml pimonidazole (Millipore) one hour prior to sacrifice. Tumors were 

either fixed and embedded in paraffin or frozen in OCT solution (Miles, Eckert, IN) for 

tissue sectioning. Pimonidazole and Apo-BrdU (TUNEL) apoptosis reagents were used 

according to manufacturer’s instructions. Lungs were fixed, embedded and serially 

sectioned to evaluate metastasis formation. Tumor blood vessels from control and KO 

mice were visualized using PECAM/CD31 antibodies for LLC tumors, smooth muscle 

actin (SMA) for B16F1 tumors, and S100 for B16F1/B16F10 metastases. Data were 

quantified as described in Supplementary Information. 

 

Vascular permeability assessment 

Control and KO mice were anesthetized with Avertin and tail veins injected with 

Evans blue dye (Sigma) at 50 mg/kg (0.1 ml of 0.5% solution/10g) as described 24. 

Recombinant murine VEGF or PBS vehicle control was then injected intradermally and 

leaked dye quantified following extraction (see Supplementary Information). Lung 

plasma protein leakage was assessed by H&E staining of lung sections. 

 

Echocardiography, heart parameters and pulmonary arterial (PA) pressure 
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 Transthoracic echocardiography was performed as described 25 with minor 

modifications (see Supplementary Information). Briefly, mice were anesthetized using an 

integrated isoflurane-based system and ECG monitored continuously using a Vevo 770 

Visual Sonic machine (Toronto, Canada). For PA measurements, a catheter transducer 

inserted into the right ventricle was positioned in the pulmonary artery to measure 

systolic PA pressure (see Supplementary information).  For each mouse, 2-4 PA 

measurements were analyzed, each corresponding to the average of 10-20 individual 

data points. After sacrifice, hearts were weighed to establish the heart-to-body weight 

ratios (N=12 for each age group).  

 

Confocal Microscopy of tumor vasculature 

Tumor-bearing mice were anesthetized with Avertin and injected with 100 μl of 

1mg/ml FITC tomato (Lypersicon esculentum) lectin (Vector Laboratories) in PBS 

intravenously into the tail vein, after which mice were perfused with PBS intracardially. 

For confocal imaging of the vasculature, tumors were excised and embedded in OCT 

compound. Frozen sections (20 microns) were fixed with 4% paraformaldehyde and 

mounted in Fluoromount-G media (SouthernBiotech). For each tumor, 6 images 

obtained randomly using a Zeiss LSM 510 confocal laser-scanning microscope. The 

number of vessels and the vasculature area were determined as described 26 using 

Zeiss AIM software. Briefly, vascular area was defined as the combined area of FITC-

labeled vessels plus lumens in 6 independent fields, expressed as a percentage of the 

total image area. 

 

Endothelial cell isolation and characterization 

Immortalized endothelial cell populations were generated from lung tissues of KO 

and control mice as described 27, with minor modifications (see Supplementary 

Information). Endothelial cells used for the acute deletion experiments were generated 

from lung tissues of Hif-2αfl/Δ, Ubc-CreERT2 mice (22 and Supplementary Information). 

 

Matrigel and Fibronectin adhesion assay  

Adhesion assays were performed as described 28 and in Supplementary 

Information. 
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Quantitative real-time PCR analysis 

Total RNA was isolated from purified endothelial cells grown under normoxic 

(21% O2) conditions, or exposed to 16 hours of hypoxic (0.5% O2), or anoxic (0% O2) 

conditions, using Trizol reagent (Invitrogen). Primers for specific transcripts were 

designed using PrimerExpress1.0 software (sequences listed as Supplementary 

Information). Quantitative real-time PCR (QRT-PCR) was performed on EC RNAs using 

Syber Green PCR Master Mix (Invitrogen) and the Applied Biosystems 7900HT 

Sequence Detection System (TaqMan). β-actin or 18S rRNA was used as endogenous 

control in the ΔΔCT analysis. RNA expression profiling was performed on triplicate 

samples of KO and control RNAs using Affymetrix gene chips according to protocols 

supplied by the University of Pennsylvania School of Medicine Microarray Core Facility. 

The microarray data has been deposited in GEO under accession number GSE16067. 

 

Statistical analysis 

Results shown represent average ± standard error of mean (SEM) of 6-9 

samples from 2-3 independent studies. Statistic analyses were done using two-tailed 

Student’s t test. Error bars represent SEM for all figures. Statistical significance was 

defined as * P<0.05; ** P<0.01. 

 

 

Results 

 

Generation of an EC-specific HIF-2α deletion murine strain  

A conditional “floxed” allele of the murine Hif-2α genomic locus was generated by 

flanking the exon encoding the DNA binding bHLH domain with loxP sites 

(Supplementary Figure 1A-B and 22). Hif-2αfl/fl mice were bred to VE-cadherin-Cre (Cre) 

transgenic mice23 to obtain Hif-2αfl/+, Cre (designated “Control”) and Hif-2αfl/Δ, Cre 

(designated “KO”) mice (Figure 1A and Supplementary Figure 1A, B). To assess VE-

cadherin-Cre transgene expression in the 129 Sv/C57/B6 genetic background, control 

mice were crossed to a strain carrying the ROSA26R β-galactosidase reporter allele as 

previously described 23. β-galactosidase activity in E11.5 Hif-2αfl/+, ROSA26R/+, Cre 

embryos was detected in brain vasculature, intersomitic vessels, dorsal aorta, and fetal 

liver (Figure 1B). Histological sections revealed significant, but discontinuous β-
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galactosidase expression in embryonic vessels (Figure 1B). These results are consistent 

with the original characterization of embryonic VE-cadherin-Cre transgene expression, in 

which the degree of vessel staining increased from E8.5-13.5, and was essentially 

uniform from E14.5 onward in all endothelial compartments (23 and data not shown).  

To determine the endothelial-specific recombination efficiency of the Hif-2αfl 

allele, primary ECs were isolated from the lungs of control and KO mice, immortalized by 

infection with a retrovirus expressing the polyomavirus middle T antigen, and selected 

with anti-CD31 antibodies. Flow cytometric analysis (Figure 1C) indicated that these 

populations were highly enriched for ECs, as approximately 95% of the cells expressed 

CD31. Once purified, these cells also stained positively for CD31 and von Willebrand 

factor (vWF) expression by immunofluorescence and took up DiI-Ac-LDL, a 

characteristic of ECs (data not shown). Importantly, Southern blot analysis of genomic 

DNA demonstrated highly efficient recombination of the Hif-2αfl allele in both control and 

KO ECs (Figure 1D). Western blot analysis of whole cell extracts revealed that HIF-1α 

was induced in both control and KO mice under hypoxia (H) and anoxia (A), as expected. 

In contrast, HIF-2α proteins were detected only in control ECs (Figure 1E). Together, 

these studies indicated that HIF-2α is efficiently ablated in the endothelial compartment 

of adult KO mice.  

As the VE-cadherin promoter is active in embryonic hematopoietic cells and in 

approximately 50% of bone marrow hematopoietic cells in adults23, we performed whole 

blood analysis of 3 month-old mice. All hematopoietic lineages were present at 

comparable levels in control and KO mice (Supplementary Figure 1D), suggesting that 

any HIF-2α deletion that occurred in hematopoietic lineages did not significantly affect 

blood cell development and homeostasis in mice.  

 

Endothelial HIF-2α deletion disrupts vessel integrity and promotes pulmonary 

hypertension 

 Hif-2αfl/Δ, Cre (KO) and Hif-2αfl/+, Cre (Control) mice were born in Mendelian 

ratios and exhibited no obvious developmental defects. Vascular structures in a number 

of organs (brain, heart, lung, spleen, liver, kidney, ovary, uterus and testis) from control 

and KO mice appeared similar, as assessed by H&E staining and CD31 

immunohistochemistry (data not shown). To examine vascular integrity, Evans blue dye 

was injected in control and KO mice and various organs were recovered 6 hours later. 
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Lung and adipose tissues from KO mice exhibited higher levels of dye retention than 

controls, indicating increased vessel permeability in these organs (Figure 2A-B). No 

significant differences in dye retention were observed in KO and control kidneys and 

livers, indicating that HIF-2α loss affects vessel permeability in an organ-specific manner. 

Interestingly, KO mice exhibited increased acute vascular leakage in response to VEGF 

stimulation compared to control mice (Figure 2C-D).  This difference was observed 

irrespective of age (Figure 2D and Supplementary Figure 2), suggesting that increased 

permeability is a direct consequence of HIF-2α deletion in ECs.  

Histological analysis revealed increased red blood cell (RBC) extravasation, 

plasma protein leakage and lymphocyte infiltration in lungs and adipose tissues of KO 

mice, consistent with increased permeability of these vessels (Figure 3A-B). 

Ultrastructural analysis also revealed numerous plasma membrane blebs, as well as 

decreased association with the basal lamina, in vessels from KO lungs (Figure 3C). The 

compromised structural integrity of lung EC plasma membranes in KO mice may 

underlie the increased capillary permeability we observed, resulting in increased leakage 

of fluid, proteins, and RBC into the interstitium and alveoli.  

Focal lymphocyte infiltration was also detected in KO lungs (Figure 3A), 

suggesting pulmonary inflammation may be a consequence of increased pulmonary 

leakage as previously described 29. As lung edema can promote pulmonary hypertension, 

we analyzed pulmonary arterial pressure and cardiac hypertrophy, both of which were 

elevated in 3 month-old KO compared to control mice, and became more pronounced in 

6 and 9 month-old mice (Figure 3D). Transthoracic echocardiography revealed a 

significant increase in right ventricle diameter in 6 and 9 month-old KO mice relative to 

control mice, as well as a modest but significant increase in right ventricle thickness in 9 

month-old mice (Table 1). In contrast, left ventricle thickness and diameter were similar 

in mice of both genotypes. These phenotypes indicate that KO mice developed 

pulmonary hypertension, as systemic hypertension would be associated with 

hypertrophy in both ventricles.  

To begin investigating the cell-autonomous basis of these phenotypes, we 

evaluated primary EC lines generated from lungs of KO and control mice. Consistent 

with our in vivo observations, KO ECs displayed reduced ability to bind to Matrigel under 

hypoxic conditions (Figure 4A). A similar trend was observed for EC binding to 

fibronectin, although statistical significance was not attained for one KO cell line (Figure 

4B). It was possible that the defects we observed resulted from a long-term 
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compensatory response, as opposed to a direct consequence of HIF-2α deletion. To 

address this, we analyzed the adhesive properties of ECs isolated from Hif-2αfl/Δ, Ubc-

CreERT2 mice22. When these cells were exposed to tamoxifen, Cre recombinase 

expression and deletion of the conditional Hif-2α allele was induced, resulting in an 

acute loss of HIF-2α protein expression (Figure 4C-D). Interestingly, a similar decrease 

in adhesive properties was observed for these cells as for the KO cells, particularly on 

Matrigel (Figure 4E-F), indicating that these effects are most likely a direct consequence 

of HIF-2α deletion, as opposed to an indirect long-term adaptation. Finally, mRNA was 

prepared from KO and control ECs exposed to 0.5% O2 and subjected to microarray 

analysis. Multiple transcripts encoding proteins associated with cell adhesion, including 

endothelin B receptor (ET-B), fibronectin 1 (FN1), procollagen type Vα1, and integrins 

α9 and β2 were decreased in hypoxic KO ECs relative to control ECs, by 6.6X, 2.5X, 

10.3X, 6.3X and 3.5X, respectively (false discovery rates <16.7%). These results 

strongly suggest that the reduced expression of a cohort of genes regulating cell 

adhesion contribute to the vascular permeability defects observed in HIF-2α deficient 

ECs. 

 

HIF-2α EC null mice exhibit reduced tumor growth and angiogenesis 

As multiple HIF-2α transcriptional targets regulate angiogenesis, we examined 

the effects of EC-specific Hif-2α deletion on tumor angiogenesis and growth using 

subcutaneous Lewis lung carcinoma (LLC) xenografts.  As shown in Figure 5A, the size, 

weight, and growth rate of tumors grown in KO mice were significantly reduced 

compared to those grown in control mice (Figure 5A-C). Ki67 labeling was actually 

increased in tumors from KO mice (Figure 5D-E), suggesting that reduced tumor growth 

in KO mice is not the result of altered tumor cell proliferation.  Whereas tumors from both 

groups displayed regions of necrosis, TUNEL staining was significantly higher in tumors 

from KO mice (Figure 5D,F) demonstrating that EC-specific Hif-2α deletion contributes 

to increased tumor cell apoptosis in these xenografts.  

CD31 immunostaining of tumors from KO mice revealed a significant decrease in 

the number of functional tumor vessels with open lumens (Figure 6A-B), which was 

confirmed using tail-vein injection of FITC-labeled lectin (Figure 6C). Although the 

density of perfused vessels in LLC tumor xenografts (Figure 6C) was not significantly 

different between tumors grown in control or KO mice (Figure 6D), tumors in control 
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mice displayed larger vessels with open lumens, which correlated to increased vascular 

area (Figure 6B, D-E).  

LLC tumor sections from mice injected with Hypoxyprobe (pimonidazole) 

displayed distinctive results when tumors were grouped according to size. Pimonidazole-

positive hypoxic regions were significantly larger in KO tumors than control tumors in 

large xenografts (>8 mm, Figure 6F-G), although not in smaller tumors (≤ 8 mm, Figure 

6H). Interestingly, a significantly larger proportion of apoptotic cells were detected in KO 

tumors irrespective of size (Figure 6G-H). TUNEL-positive apoptotic cells were located 

within necrotic domains surrounded by a penumbra of hypoxic (pimonidazole-positive) 

cells, consistent with previous observations 30 (Figure 6F). Collectively, these results 

suggest that tumor vessels form at approximately equivalent numbers in KO and control 

mice; however, the KO tumor vessels are defective, resulting in reduced tumor growth 

associated with elevated tumor hypoxia and apoptosis. 

In parallel experiments, we generated xenograft tumors using B16F1 and 

B16F10 melanoma cells, which differ in their ability to establish metastatic tumors31. 

B16F1 (low metastatic potential) or B16F10 (high metastatic potential) melanoma cells 

were injected subcutaneously into KO and control mice. Tumor vasculature was reduced 

in B16F1 KO xenografts in a manner similar to the LLC tumors, except that the reduction 

in vessel density reached statistical significance (Figure 6I-L). The degree of mural cell 

coverage in tumor vessels, as visualized by the number of associated cells expressing 

smooth muscle actin, was similar in melanoma xenografts grown in KO and control mice 

(Figure 6K-L). Finally, lung metastases from the B16F10 melanoma xenografts were 

identified histologically and confirmed by immunohistochemical staining for the S100 

melanoma antigen (Supplementary Figure 3A-B). Interestingly, fewer KO mice exhibited 

metastases from the highly metastatic B16F10 cells compared to the control mice 

(Supplementary Figure 3C).  

 

Hypoxic induction of angiogenic genes is impaired in HIF-2α deficient ECs 

To investigate the effect of EC-specific Hif-2α deletion on angiogenic gene 

expression, immortalized KO and control EC populations were exposed to 21% or 0.5% 

O2, and the expression of genes known to regulate EC function and angiogenesis 

determined by mRNA microarray and quantitative RT-PCR analyses. Data from 

microarray experiments revealed that the expression of previously identified HIF-2α 

target genes VEGF Receptor-1 (Flt-1) and VEGF Receptor-2 (Flk-1), was decreased in 
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hypoxic KO ECs relative to control ECs, by 2.3X and 1.8X, respectively (false discovery 

rates <16.7%). We used quantitative RT-PCR to confirm these results and extend our 

analysis to include other important angiogenic genes. As shown in Figure 7A and Figure 

7B, constitutive or acute deletion of HIF-2α markedly reduced hypoxic induction of genes 

encoding FLT-1, FLK-1, angiopoietin 2 (Ang2), and delta-like ligand 4 (Dll4). We also 

demonstrated that HIF-2α regulates Dll4, Ang2 and FLK-1 expression in ECs using 

specific siRNAs (Supplementary Figure 4).  

Somewhat surprisingly, we observed only a modest reduction of Vegf mRNA in 

hypoxic KO cells that was not statistically significant, and which probably reflects the 

activity of HIF-1α in HIF-2α KO ECs. Similarly, no effect of Hif-2α deletion on 

angiopoietin 1 (Ang1) mRNA levels was observed, and (as expected) hypoxic 

expression of the HIF-1α specific target Pgk was not affected by HIF-2α deletion. 

Interestingly, hypoxic KO ECs expressed slightly elevated levels of endothelin-1 (ET-1) 

and reduced levels of endothelin B receptor (ET-B) mRNAs, consistent with previous 

observations that ET-B deficient rats display elevated ET-1 levels, pulmonary 

hypertension, and increased vascular leakage and lung edema32. It should be noted that 

the fold change observed in ET-B and FN-1 expression in KO ECs by quantitative RT-

PCR was somewhat reduced compared with the microrray analysis described above.  

 

 

Discussion 

 

The identification of VEGF, VEGFR-1, VEGFR-2, bFGF, and other angiogenic 

compounds as targets of the HIF transcription factors provides a clear molecular 

mechanism by which hypoxic microenvironments might directly modulate 

angiogenesis1,2. Elaborating the precise roles of HIF gene family members in these 

processes is important, as HIF-1α and HIF-2α subunits have unique and sometimes 

opposing functions.  For example, whereas both proteins regulate many common 

hypoxia-induced target genes such as VEGF14, HIF-1α (but not HIF-2α) activates the 

hypoxic expression of genes encoding glycolytic enzymes such as PGK and ALDA14,15.  

In contrast, HIF-2α uniquely regulates the gene encoding the critical stem cell factor Oct-

4 in murine embryos and ES cells33. In addition, both HIF-1α and HIF-2α can form 
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complexes with the c-Myc oncoprotein in multiple cell types, but whereas HIF-1α inhibits 

c-Myc activity16, HIF-2α potentiates it17.  

The experiments presented here were designed to determine the cell-

autonomous function of HIF-2α in vascular ECs. Our results demonstrate that HIF-2α 

deletion in murine ECs elevates VEGF-induced acute vessel permeability in 3, 6 and 9 

month-old mice (Figure 2C-D). In addition, KO mice display increased chronic vessel 

permeability in selected adult organs, as well as reduced tumor angiogenesis and 

associated tumor cell survival. The organ specificity of vascular leakage in KO mice is 

interesting, as capillaries in different organs have highly variable morphology 

(continuous, fenestrated, and discontinuous), structural features, functions and patterns 

of protein expression34. The increase in permeability we observed for lung and adipose 

tissues (continuous endothelium), but not in liver (discontinuous) or kidney (fenestrated) 

suggests that HIF-2α may play a specific role in continuous vascular endothelium. 

Future analyses of other organs bearing a continuous endothelium (brain, retina) would 

be of interest in this regard. 

It should be noted that although the VE-cadherin Cre transgene is also active in 

hematopoietic cells23, we observed no changes in blood cells counts in Hif-2αfl/Δ, Cre 

(KO) mice, indicating that the effects we observed were a result of EC-specific HIF-2α 

deletion. This is consistent with an earlier report that defective hematopoiesis in 

homozygous germline HIF-2α knockout mice was not cell-autonomous and could be 

rescued by bone marrow transplant into wild-type recipients35. 

As HIF-2α is strongly expressed in embryonic vascular ECs and regulates the 

expression of many angiogenic factors, it was initially surprising that global deletion of 

Hif-2α did not reveal profound vascular defects. The first germline HIF-2α deletion strain 

reported displayed embryonic lethality around E13.5 resulting from bradycardia 10. 

Interestingly, live-born mice homozygous for this Hif-2α mutant allele have been 

obtained using a complex breeding scheme, but typically die postnatally with a spectrum 

of phenotypes associated with severe mitochondrial dysfunction18. In a separate genetic 

targeting experiment, 50% of homozygous HIF-2α deficient embryos succumbed 

perinatally from acute respiratory distress19. In this case, decreased HIF-2α-dependent 

VEGF expression resulted in defective surfactant production by type II pneumocytes, 

and a consequent block in lung maturation. Interestingly, approximately 50% of HIF-2α 

deficient embryos homozygous for a third Hif-2α knockout allele displayed yolk sac and 
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embryonic vascular remodeling defects20, indicating clearly a role for HIF-2α function in 

angiogenesis.  

The generally intact vascular system observed in our EC-specific HIF-2α KO 

mice strongly suggests that HIF-1α partly compensates for HIF-2α loss in ECs. This idea 

is consistent with reports that mice harboring an EC-specific HIF-1α deletion also 

develop normally but display defective adult neoangiogenesis36, whereas EC-specific 

ARNT deletion (and consequent loss of total HIF activity) resulted in substantial vascular 

defects, associated with greater than >90% embryonic lethality37. Similarly, EC-specific 

expression of a dominant-negative HIF-α subunit that blocks both HIF-1α and HIF-2α 

function resulted in profound vessel defects38. Our observation that hypoxia-induced 

expression of VEGF is essentially identical in KO and control ECs indicates that either 

HIF-1α or HIF-2α is capable of regulating a specific subset of hypoxically induced genes 

in this cell type. It is also clear from the present study, however, that HIF-2α and HIF-1α 

are not entirely redundant, as each fulfills unique physiological roles in ECs, particularly 

in the context of adult neoangiogenesis (Figure 7C). This model is supported by a 

previous report that HIF-2α (but not HIF-1α) cooperates with Ets-1 to control 

transcription of the gene encoding Flk-1 (VEGFR2) in ECs39.   

Quantitative RT-PCR and mRNA microarray analyses of immortalized control, 

KO ECs, and ECs with an acute deletion of HIF-2α revealed defective hypoxic induction 

of target genes (Figure 7A-B) that are likely to contribute collectively to the phenotypes 

we observe. In particular, the reduced hypoxic expression of transcripts encoding 

proteins involved in adhesion and extracellular matrix formation (including procollagen 

type Vα1, fibronectin 1, and integrins α9 and β2) in KO ECs may explain, at least in part, 

their compromised adhesion characteristics in vitro. Attempts to drive expression of 

fibronectin 1 and/or integrins in HIF-2α KO ECs, and thereby test the specific role of 

these proteins in the adhesive defects, have proven unsuccessful to date as KO and 

control ECs are not sufficiently receptive to gene transfection.  

These data also suggest a plausible model for the elevated chronic and acute 

vascular permeability in multiple organs of KO mice, including the lung. Defects in lung 

EC adhesion may lead directly to vessel leakage, which could then promote increased 

edema, inflammation and pulmonary hypertension, all of which were observed in KO 

mice. To determine more precisely whether impaired vascular integrity in KO mice is a 

primary defect rather than a secondary complication to other defects such as pulmonary 
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hypertension, we assessed vascular integrity and pulmonary blood pressure in animals 

of increasing age. Interestingly, increased acute vessel permeability precedes the onset 

of pulmonary hypertension, suggesting that defect in vasculature of the KO mice could 

underlie the enhanced pulmonary arterial pressure we observe. Moreover, 

echocardiographic results show that the cardiac hypertrophy is confined to the right 

ventricle with a significant increase of the thickness and the diameter, consistent with 

pulmonary hypertension rather than systemic hypertension, which typically affects both 

ventricles. These data strongly suggest that defects in the vasculature of the KO mice 

underlie the enhanced pulmonary arterial pressure we observe. It is also possible that 

HIF-2α deficiency in KO ECs causes increased hemodynamic pressure by a separate 

mechanism, which may result in EC detachment and pulmonary edema. In this regard, it 

is interesting that endothelin B receptor (ET-B) deficient rats exhibit pulmonary edema 

and hypertension, associated with elevated endothelin-1 levels in the lung32. We also 

observed reduced ET-B expression in KO ECs, which may enhance pulmonary 

hypertension in KO mice in a similar manner. The elevated expression of endothelin 1 

(ET-1) we observed in hypoxic KO ECs further suggests that HIF-2α can repress ET-1 in 

a cell-autonomous manner. These results contrast with a previously proposed role of 

HIF-2α in maintaining ET-1 expression in pulmonary vascular endothelial cells in vivo40. 

The reasons for this discrepancy are as yet unclear, but may reflect inherent 

physiological differences between mice with an EC-specific Hif-2α deletion and mice 

with global Hif-2α heterozygosity40. 

LLC and melanoma xenograft tumors grew more slowly in KO than control mice 

and were characterized by increased hypoxia and tumor cell apoptosis. Although 

microvessel density was similar in both strains, tumor vessels in KO mice had reduced 

volume, suggesting a relative reduction in perfusion, which is consistent with the 

elevated hypoxia in these tumors. It is similarly intriguing that Dll4 expression is 

considerably reduced in KO ECs, as Dll4 is known to modulate EC functions such as 

adhesion, tube formation, migration or invasion41-45. Hypoxia, and particularly HIF-1α, 

have been shown to regulate Dll4 expression in several human endothelial cell lines 45. 

However, the regulation of Dll4 in ECs by both HIF-2α and HIF-1α was confirmed by 

transfecting specific siRNAs into murine endothelial MS1 cells, and is consistent with the 

demonstration that the Dll4 promoter can be activated by HIF-1α and HIF-2α in hypoxic 

embryonic endothelial precursor cells46. Interestingly, Dll4 inhibition has also been 
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shown to promote highly branched but functionally defective tumor vessels, thereby 

increasing hypoxia and inhibiting tumor growth47,48. Finally, lung metastases from 

melanoma xenograft tumors were less common in KO than control mice, suggesting that 

EC-specific HIF-2α deletion can effectively modulate one or more aspects of the 

metastatic process. It is particularly intriguing that this metastatic phenotype was 

observed in lungs, where Hif-2α deletion results in structural and functional EC defects.  

In summary, we used cell-type specific gene deletion to identify critical roles for 

HIF-2α in regulating endothelial cell function in vivo. The data reported here demonstrate 

that HIF-2α expression in ECs is specifically required for vessel integrity and tumor 

neovascularization in adult mice (Figure 7C). Our results are also consistent with a 

recent report in which HIF-2α was implicated in establishing a “normalized” tumor 

vascular bed by controlling EC survival and morphology49. Furthermore, these data 

suggest that HIF-1α and HIF-2α can partly compensate for each other in ECs during 

embryonic development, but each plays important and distinct roles in adult 

angiogenesis. Future experiments will focus on determining how specific HIF-2α targets 

mediate the phenotypes reported here and further work will be also required to delineate 

the contribution of individual HIF-2α and HIF-1α in these processes.  
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Figure Legends 

Table 1. Cardiac characteristics for control and KO mice.  

Several cardiac parameters from 3, 6 and 9 month-old control and KO mice were 

evaluated using echocardiography. 

Figure 1. Characterization of an endothelial Hif-2α conditional allele.  

(A) PCR genotypes of mouse tail genomic DNA. Lane 1, wild type; Lane 2, Hif-2αfl/+, Cre  

(control); Lane 3, Hif-2αfl/Δ, Cre (KO). (B) β-galactosidase (lacZ) expression in E11.5 Hif-

2αfl/+, ROSA26R/+, Cre embryos and tissue sections. Arrowheads indicate lacZ activity in 

ECs. Middle panel depicts vascular ECs near the hepatic primordium (asterisk), which 

also contains lacZ-positive hematopoietic cells. Bottom panel depicts blood vessels in 

the branchial arch region. (C) Flow cytometric analysis of lung ECs isolated from control 

(C) and knock-out (KO) mice upon staining with PE-conjugated anti-CD31 antibody. (D) 

Southern blot analysis of DNA from tail clips and corresponding endothelial cell (EC) 

populations, indicating highly efficient recombination of fl allele in both control (C) and 

knock-out (KO) EC. Wild type and fl alleles are not distinguishable by size. (E) Western 

blot analysis of HIF-1α and HIF-2α protein expression in endothelial cells subjected to 

21% (N), 0.5% (H), or 0% (A) O2 for 6 hrs. The bands appear diffuse due to 

phosphorylation and other post-translational modifications7. N.S., nonspecific band used 

as a loading control.  

Figure 2. Effects of Hif-2α deletion on vessel permeability.  

(A) Increased vessel permeability in KO mice. Images of chronic vascular leakage in 

lung and adipose tissue of KO mice. (B) Quantification of Evan’s blue dye leakage in 

various organs. (C) Photographs of Evan’s blue dye leakage 30 minutes following 

intradermal injection of either PBS or VEGF into the back skin of 9 month-old control and 

KO mice. (D) Quantification of extracted dye from the back skin of 3, 6 and 9 month-old 

mice, normalized to tissue weight, showed significantly increased leakage in KO 

compared to control mice in both treatment groups. N=8 for each age, **P<0.01, 

*P<0.05.  
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Figure 3. Hif-2α deletion affects lung endothelial cells and capillaries.  

(A) H&E stain of lungs and adipose tissue from control and KO mice. KO mice show 

increased bleeding (black arrows), plasma protein leakage (green arrows), and 

lymphocyte infiltration (*) (200X). (B) Percentage of control and KO mice that show 

bleeding and plasma protein leakage (PPL) in lungs and adipose tissue from 3-6 month-

old mice. N=6. ** P<0.01. (C) Electron microscopy of lung capillaries from 6 month-old 

control and KO mice. Electron-dense discs are RBCs. Top row of panels show reduced 

EC attachment to basement membrane (blue arrowheads) and hemorrhage in KO lungs 

(1100X). Bottom row of panels show control ECs (red arrows) in contact with the basal 

lamina (black arrows). Green arrow, type II epithelial cell. KO ECs show areas of 

detachment from the basal lamina and plasma membrane discontinuity (blue 

arrowheads) and membrane blebs (asterisk). (11,000X). (D) Systolic pulmonary arterial 

pressure and heart/body weight ratios reveal significant pulmonary hypertension in 6 and 

9 month-old KO mice. Syst PA pressure was increased 1.5 fold in 9 month-old KO mice 

compared to control mice (*p<0.05). Heart-to-body ratio was also significantly increased 

in 6 and 9 month-old KO mice compared to the control mice (1.4 fold, *p<0.05, N=6). 

Figure 4. Hif-2α deletion affects lung endothelial cell adhesion. 

Reduced adhesion of independently derived KO EC lines to Matrigel- (A) or fibronectin- 

(B) coated plates, under hypoxic conditions, compared to related control EC lines.  MS1, 

control murine pancreatic endothelial cell line.  Cells in 6 random high power fields (HPF) 

were counted, and combined results from 3 separate experiments are shown. (C-D) 

Acute HIF-2α deletion in lung endothelial cells from Hif-2α2L/1L, Ubc-CreERT2 mice. PCR 

(C) and Western blot (D) analysis demonstrating efficient deletion of HIF-2α following 

tamoxifen treatment.  Proteins were extracted from cells following exposure to either 

21% (N), or 0.5% (H), O2 for 6 hrs. (E-F) Reduced adhesion of ECs with acute HIF-2α 

deletion to either Matrigel- (E) or fibronectin- (F) coated plates, under hypoxic conditions, 

compared to related control EC lines. * P<0.05, ** P<0.01. 

Figure 5. Endothelial Hif-2α deletion leads to reduced tumor growth and increased 

tumor cell apoptosis.  
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(A) Representative pictures of LLC tumor xenografts from control and KO mice 14 days 

after subcutaneous injection (N=9). (B) Weight of tumors excised at day 14. (C) Growth 

curve of LLC tumors over the 2 week course (N=9). (D) Representative H&E staining 

and Ki67 and Apo-BrdU (TUNEL) immunohistochemistry. (E,F) Quantification of Ki67 

and TUNEL signals in tumors isolated from control and KO mice. N=6. * P<0.05, ** 

P<0.01. 

Figure 6. Effects of endothelial Hif-2α deletion on tumor angiogenesis.  

(A) Representative CD31 staining of LLC xenograft tumors, showing decreased numbers 

of functional vessels (with open lumens/luminized – black arrowheads) in tumors grown 

in KO mice. Vessels without apparent lumens are indicated by red arrowheads. (B) 

Quantification of number of vessels with open lumens. (C) Representative field showing 

FITC-labeled vessels in LLC xenografts. (D-E) Quantification of overall vessel density 

(total number of vessels, proportion of lumenized vessels) and vascular area. (F) 

Staining for hypoxia and apoptosis using pimonidazole and Apo-BrdU DNA (TUNEL) 

fragmentation kit. (G-H) Quantification of pimonidazole and TUNEL stains in large (> 

8mm) (G) and small (< 8 mm) (H) LLC xenografts. (I) Growth curves for intradermal 

B16F1 melanoma xenografts in control and KO mice. (J) Weight of B16F1 xenografts 

harvested after 28 days. (K) Smooth muscle actin (SMA) staining of B16F1 xenografts 

grown in control and KO mice, showing similar mural cell coverage. (L) Vessel density, 

including SMA positive (filled bars) and SMA negative (open bars) vessels, in B16F1 

xenografts. N=6. * P<0.05, ** P<0.01. 

Figure 7. Hif-2α deletion affects HIF target gene expression in lung endothelial 

cells.  

(A-B) Hypoxic induction of HIF target gene expression in ECs isolated from KO mice (A) 

and from ECs with HIF-2α acute deletion (B) exposed to 0.5% O2 for 16 hrs. The relative 

ratio of hypoxic to normoxic gene expression (fold hypoxic induction) is shown for control 

and KO ECs. See text for gene names.  N=6. * P<0.05, ** P<0.01. (C) Model of HIF-2α 

function in murine ECs in response to hypoxia, reflecting unique and shared 

transcriptional targets of HIF-1α and HIF-2α. 
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