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Hypoxia, through the hypoxia-inducible transcription factors HIF-1�
and HIF-2� (HIFs), induces angiogenesis by up-regulating a common
set of angiogenic cytokines. Unlike HIF-1�, which regulates a unique
set of genes, most genes regulated by HIF-2� overlap with those
induced by HIF-1�. Thus, the unique contribution of HIF-2� remains
largely obscure. By using adenoviral mutant HIF-1� and adenoviral
mutant HIF-2� constructs, where the HIFs are transcriptionally active
under normoxic conditions, we show that HIF-2� but not HIF-1�
regulates adenosine A2A receptor in primary cultures of human lung
endothelial cells. Further, siRNA knockdown of HIF-2� completely
inhibits hypoxic induction of A2A receptor. Promoter studies show a
2.5-fold induction of luciferase activity with HIF-2� cotransfection.
Analysis of the A2A receptor gene promoter revealed a hypoxia-
responsive element in the region between �704 and �595 upstream
of the transcription start site. By using a ChIP assay, we demonstrate
that HIF-2� binding to this region is specific. In addition, we demon-
strate that A2A receptor has angiogenic potential, as assessed by
increases in cell proliferation, cell migration, and tube formation.
Additional data show increased expression of A2A receptor in human
lung tumor cancer samples relative to adjacent normal lung tissue.
These data also demonstrate that A2A receptor is regulated by
hypoxia and HIF-2� in human lung endothelial cells but not in
mouse-derived endothelial cells.
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Angiogenesis is a highly complex process that plays a central
role in the lung, both in normal development and during the

evolution of disease states, such as cancer. Hypoxia appears to
be a critical factor in both situations, although the signaling
events involved are incompletely understood. Hypoxia causes
up-regulation of genes largely through stabilization of hypoxia-
inducible transcription factors (HIFs). Hypoxia-inducible tran-
scription factors HIF-1� and HIF-2� recognize the same con-
sensus DNA-binding element, and one or both of these can
up-regulate a number of genes involved in cell growth, prolif-
eration, glucose metabolism, and angiogenesis (1). These include
vascular endothelial growth factor (VEGF) and its receptors,
including VEGFR-1 (also called flt-1) and VEGFR-2 (also
called KDR or flk-1); glucose transporter 1; and carbonic
anhydrase XII. A number of genes, including hexokinase-2,
glucose phosphate isomerase, phosphofructokinase, aldolase A,
aldolase C, GAPDH, and carbonic anhydrase IX, among others,
are uniquely regulated by HIF-1� in almost all cell types. In
contrast, HIF-2� regulation of a few unique genes is limited
largely to specific cell lines. In most cell types, genes regulated
by HIF-2� overlap with those of HIF-1� (2). Thus, the role of
HIF-2� appears to be unclear. However, HIF-2� has been linked
to poor prognosis in a number of cancer types, but the mecha-
nisms by which it promotes tumor growth and vascularization
remain largely obscure (3–9). Recently, interest in establishing a
role for HIF-2� independent of HIF-1� has led to identification
of genes that are specifically regulated by this transcription
factor. For example, HIF-2� regulates expression of the tran-

scription factor Oct-4 in mice (10). In the MCF-7 breast cancer
cell line, preferential targets of HIF-2� include insulin-like
growth factor-binding protein 3 (IGFBP3), SRY-related HMG-
box gene 9 (SOX9), CBP/p300-interacting transactivator, with
Glu/ASP-rich C-terminal domain, 2 (CITED2), and a few more
marginally regulated genes (11). Erythropoietin (Epo) is regu-
lated largely by HIF-2� in Kelly cells and Hep3B cells (12), in
cultured astrocytes from mice (13), and also in the liver of mice
(14). In the liver of a knockout model, HIF-2� was also shown
to regulate expression of superoxide dismutase 1 (SOD1),
SOD2, glutathione peroxidase (GPx), catalase, and frataxin (15,
16). Thus, HIF-2� appears to regulate different genes in differ-
ent cell types. Although HIF-1� was originally discovered as a
regulator of Epo, these recent new studies have indicated that,
paradoxically, HIF-2� may be responsible for Epo regulation in
some tissues. In addition to causing a release of VEGF that acts
on its receptors in endothelial cells, hypoxia also can cause a
release of adenosine (17, 18). Adenosine stimulates both pro-
liferation of endothelial cells (19, 20) and expression of VEGF
(21). The biological effects of adenosine are mediated through
the different adenosine receptor subtypes, A1, A2A, A2B, and A3,
which signal mainly through coupling with G proteins. The A1

and A3 adenosine receptors inhibit adenylyl cyclase and are
inhibitory G protein (Gi)-coupled, whereas the A2A and A2B

receptors are stimulatory G protein (Gs)-coupled. Both the
high-affinity A2A and the low-affinity A2B receptors activate
adenylyl cyclase, resulting in increases in intracellular cAMP.
Among the adenosine receptors, both adenosine A2A and the
related adenosine A2B receptors have unique properties. The
activated adenosine A2A receptor can protect against tissue
injury in heart (22), kidney (23), skin (24), spinal cord (25),
vascular smooth muscle (26), and lung (27). Adenosine A2A

receptor also can exhibit antiinflammatory properties (28).
Endothelial cells can express either A2A receptor or A2B receptor
or both (21, 29). In human dermal microvascular endothelial
cells, activation of A2B but not A2A receptor promotes angio-
genesis (21). By contrast, activation of A2A but not A2B receptor
promotes angiogenesis in human umbilical vein endothelial cells
and human lung microvascular endothelial cells (HLMVECs)
(30). Therefore differential expression and function of adeno-
sine receptor subtypes could contribute to functional heteroge-
neity in different types of endothelia.
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Tumor growth is critically dependent on its complex micro-
environment. The coexistence of antitumor immune cells and an
immunosuppressive hypoxic tumor microenvironment has in-
creasingly been recognized (31, 32). Interestingly, part of this
immunosuppression has been attributed to the presence of
adenosine, A2A receptor and HIF-1� (33, 34). The hypoxic tumor
microenvironment supports increased stabilization of HIF-1� and/or
HIF-2�. Several studies have shown that HIF-2� is associated with
increased vascular density in tumors (5, 6). The present study establishes
the role of adenosine A2A receptor in promoting angiogenesis under
conditions that stabilize HIFs. The results indicate that adenosine A2A
receptor, and not the related adenosine A2B receptor, is a unique
angiogenic target regulated by hypoxia via HIF-2�, but not HIF-1�.

Results
Multiple pathways regulated by hypoxia and HIFs promote
angiogenesis. One such pathway involves adenosine receptors.
Among adenosine receptors, both A2A and A2B receptors can be
regulated by hypoxia. To assess the role of adenosine receptors
in hypoxia, primary HLMVECs were exposed to air or hypoxia.
Fig. 1A shows that steady-state mRNA levels of adenosine A2A
receptor, and not the related adenosine A2B receptor, increased
when HLMVECs were exposed to hypoxia. Furthermore, there
was also an increase in A2A receptor protein starting at 8 h, when
HLMVECs were exposed to hypoxia (Fig. 1B).

Because hypoxic regulation of a large number of genes is
mediated by HIF-1� and HIF-2�, we evaluated the effect of
HIF-stabilizing agents desferoxamine (DFO) and dimethylox-
alylglycine (DMOG) at concentrations that we have demon-
strated previously can stabilize both HIF-1� and HIF-2� (35).
Fig. 1C demonstrates that HIF stabilization increased adenosine
A2A receptor steady-state mRNA levels. This HIF-mediated
regulation of A2A mRNA level was not restricted to one donor
or one endothelial cell type, like the HLMVEC, but was also
consistently present in a number of donors and endothelial cells
from other sources, like the coronary artery. To further dissect
the role of individual HIFs in regulating adenosine A2A receptor
in primary human endothelial cells, we constructed adenoviral
vectors encoding mutant HIF-1� (mutHIF-1�) or mutant
HIF-2� (mutHIF-2�). These mutant HIFs are both stable and
transcriptionally active under normoxic conditions. Both
mutHIF-1� and mutHIF-2� transcriptionally up-regulated
VEGF, but only HIF-1� up-regulated hexokinase-2 (SI Methods
and Fig. S1). Interestingly, only HIF-2� increased adenosine A2A
mRNA in primary endothelial cells derived from lung (HLM-
VECs and HPAECs; Fig. 1D). This HIF-2�-specific regulation
of A2A receptor was reproducible in at least 3 different donors
of HLMVECs, of which 2 are shown in Fig. 1D. In addition to
microvascular endothelial cells, endothelial cells from the ma-
crovessel also showed similar regulation. The contribution of
HIF-1� in up-regulating adenosine A2A receptor mRNA was
insignificant (Fig. 1D). To further elucidate the physiological
role of HIF-2� in regulating A2A receptor, HLMVECs were
transfected with siRNA against HIF-1�, HIF-2�, or the nontar-
geting control siRNA and were exposed to hypoxia. Again,
hypoxia increased A2A receptor expression, and HIF-2� knock-
down reversed this change. As expected, the nontargeting con-
trols did not change expression of the receptor under hypoxic
conditions, and both HIF-1� and HIF-2� knockdowns decreased
VEGF expression (SI Methods and Fig. S2). Interestingly,
HIF-1� knockdown increased A2A receptor (Fig. 1E). In all
cases, siRNA transfection efficiencies reached �95%, as as-
sessed by using siGLO Green (Dharmacon) as an indicator.
These findings in primary human-derived endothelial cells were
in contrast to those using mouse-derived endothelial cells, SVEC
and MB114, where hypoxia or HIF stabilization did not alter the
expression of A2A receptor (SI Methods and Fig. S3).

To further evaluate the transcriptional regulation of A2A receptor
by HIF-2�, we analyzed the promoter region of this receptor.
Earlier bioinformatics analysis of the human A2A receptor gene
suggested the presence of multiple promoters (36). Putative pro-
moters upstream of the A2A receptor gene were previously deter-
mined as described (37, 38). Among the putative promoters cloned
in the luciferase reporter construct, R5 showed consistent induction
when cotransfected with the HIF-2� constructs. Both 293 cells and
HLMVECs showed a similar increase in luciferase activity when
cotransfected with a mutated, constitutively active HIF-2� con-
struct (Fig. 2A). To further examine in vivo association of the
endogenously active HIF-2� with hypoxia-responsive elements
within the A2A receptor promoter, ChIP assays were performed.
Immunoprecipitation of the chromatin complexes formed when
HLMVECs were exposed to hypoxia showed significant enrich-
ment of the A2A promoter fragment with the specific HIF-2�
antibody compared with the normoxic control or the mock antibody
control (Fig. 2C). Similar enrichment of PGK-1 was also observed
in HLMVECs under identical conditions and was used as a positive
control (Fig. 2C). In Fig. 2B, the primers used in amplifying the
hypoxia response element in the R5 promoter are underlined, and
the hypoxia response elements are shown in bold.

Angiogenesis is a multistep process involving migration, in-
vasion, and cell proliferation, resulting in tube formation and
branching. Adenosine A2A receptor can be angiogenic in some
cell types (30, 39) but have no effect in other cell types (40). Fig.
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Fig. 1. Effect of hypoxia, HIF stabilizers, and adenoviral HIF-1� and HIF-2� on
adenosine A2A receptor steady-state mRNA levels. (A) Primary HLMVECs were
exposedtoair (21%O2), fetal/physiologichypoxia (3%O2),or severehypoxia (0%
O2) for 24 h. Total RNA was isolated, and 15 �g were loaded per well. Blots were
probed with cDNA for human A2A receptor, A2B receptor, and 28S rRNA, in that
order. (B) Primary HLMVECs were exposed to hypoxia for different time periods.
Whole-cell lysates were made, and a total of 100 �g was resolved on a 4–15% gel.
Blots were probed with adenosine A2A antibody followed by �-actin antibody
after stripping the blot. (C) Primary HLMVECs and primary HCAECs from 2 differ-
ent donors were treated with 200 �M DFO, 1 mM DMOG, or 200 �M CoCl2 for
24 h. Blots were probed with cDNA from human A2A, followed by stripping and
then probing with 28S rRNA. (D) Primary HLMVECs and HPAECs were transduced
with 15 pfu per cell of either Ad.mutHIF-1�, Ad.mutHIF-2�, or Ad.LacZ. Twenty-
four hours after transduction, total RNA was isolated, and 15 �g was loaded per
well. Blots were probed with cDNA for human A2A receptor, followed by 28S. The
age of the cell donor is indicated in years (y). The order of presentation of the
groups shown in A, C, and D has been rearranged from the same original
Northern blot. (E) Primary HLMVECs were transfected with siRNA targeted
against HIF-1�, HIF-2�, or the nontargeting control. Twenty-four hours after
transfection, cells were exposed to severe hypoxia (0% O2) or air (21% O2) for an
additional 24 h. After exposure, total RNA was isolated and real-time RT-PCR
performed by using Taqman primers and probes for adenosine A2A receptor. *,
Statistical difference from the control expression in air. �, Statistical difference
from the Control, siControl, and siHIF-1� samples in hypoxia.
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3A shows that activation of adenosine A2A receptor increased
cellular proliferation in a dose-dependent manner. Because
hypoxia and HIF-2� increased A2A receptor expression, we
determined whether A2A receptor by itself could alter cellular
function. We therefore overexpressed A2A receptor by using an
adenoviral vector and measured cellular proliferation, as as-
sessed by [3H]thymidine incorporation. Cellular proliferation
increased significantly in the presence of overexpressed A2A
receptor compared with control nontransduced cells or the
adenovirus LacZ (Ad.LacZ)-transduced cells (Fig. 3B). Because
HIF-2� promotes migration of endothelial cells (41), we deter-
mined whether adenosine A2A receptor also could increase endothelial
cell migration. The increase in migration of HLMVECs across a
fibronectin-coated membrane in response to increased A2A receptor
expression is shown in Fig. 3C. There was increased migration of cells
transduced with Ad.A2A compared with both the Ad.LacZ control and
the nontransduced control. Finally, endothelial cells in which adenosine
A2A receptor was activated exhibited increased cell sprouting resulting
in formation of branches relative to control cells (Fig. 3D). These data
demonstrate that adenosine A2A receptor is an angiogenesis-promoting
molecule in primary HLMVECs.

To further explore the potential biological significance of our
findings, we analyzed the expression of A2A receptor in 64 lung
cancer samples at different stages and compared it to the
expression of 32 normal lung tissue samples. Twenty-four of the

tumor samples had matched normal lung tissue from the same
patient. Fig. 4 A and B showed that there was increased
expression of A2A receptor in many cancer samples compared
with normal lung tissue. The expression of A2A receptor was
normalized to the expression of CD31, a predominantly endo-
thelial marker. Additional comparison of the different tumor
stages to the controls showed significant increases only in the
early stages, IA and IB. To verify that A2A mRNA expression was
associated with protein expression in the tumors, samples that
showed increased mRNA expression of A2A receptor were
further probed by immunohistochemistry. Fig. 4C demonstrates
increased immunostaining of A2A receptor in lung tumors rel-
ative to normal tissue from the same patients. These regions also
coimmunostained positively for CD31, representing contribu-
tions likely from endothelial cells and/or macrophages, further
indicating that these were vascular regions.

Discussion
HIF-2� is a transcription factor that, unlike the related HIF-1�,
is abundant in the vasculature, as indicated by its other name,
endothelial PAS domain protein 1 (EPAS1) (42). Vascular
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Fig. 2. Identification of HIF-2� response element-binding site in the aden-
osine A2A receptor promoter. (A) Luciferase assay showing A2A receptor
promoter activity in HLMVECs and HEK293 cells. *, Statistical difference from
baseline controls. †, Statistical difference from empty vector activity. (B)
Sequence of the A2A receptor promoter showing response elements in bold
and primers used for ChIP PCR amplification as underlined. (C) HLMVECs were
exposed to air (Nx:21% O2) or hypoxia (Hx:1% O2) for 6 h, after which cells were
fixed, chromatin immunoprecipitated with anti-HIF-2� antibody or the control
nonspecific antibody, and DNA isolated from the bound complexes. DNA from
ChIP was PCR amplified by using specific primers corresponding to the adenosine
A2A receptor response element present in the R5 promoter. As a positive control,
the PGK-1 hypoxia-inducible factor response element was also PCR-amplified.
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Fig. 3. Adenosine A2A receptor activation promotes cellular proliferation,
migration, and angiogenic activity in primary HLMVECs. (A) Serum-starved cells
were treated with varying concentrations of the adenosine A2A receptor agonist
CGS-21680 for 24 h in the presence of [3H]thymidine at 1 �Ci/mL. (B) Cells were
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24 h. After [3H]thymidine incorporation, cells were washed and incorporated
radioactivity determined in cell lysates. *, Statistically significant difference from
the nontransduced control cells. �, Statistical difference from the Lac-Z trans-
duced controls. (C) Nontransduced, Ad.A2A receptor-transduced, or Ad.LacZ-
transduced primary HLMVECs (100,000 per well in a 24-well plate) were plated on
fibronectin-coated inserts in serum-free medium. Positive represents nontrans-
duced cells incubated in complete EBM-2 medium containing growth factors and
serum. After incubation for 24 h, the lower sides of the inserts were stained with
crystal violet and scanned for photography (Magnification: 1�). Photographs
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quantitated. *, Statistically significant difference from the nontransduced and
Ad.LacZ-transduced control cells. (D) Primary HLMVECs (100,000 per well in a
24-well plate) were plated on Matrigel (BD Biosciences) in the presence or
absence of the A2A receptor agonist, CGS-21680 (1 �M). After incubation for 4 h,
fields were randomly selected and photographed (Magnification: 10�). Repre-
sentative picture shows angiogenic tube formation. Branch points were calcu-
lated from 11 random fields from each group and plotted. *, Statistically signif-
icant difference from control cells.
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growth and development are important in both the developing
lung and in growing malignant tumors. With this in mind, we
sought to investigate unique HIF-2�-regulated genes important
for growth and proliferation of the vasculature. To this end, we
used primary microvascular endothelial cells, which are essential
for alveolar formation (43, 44) and are also a principal target for
antiangiogenic therapy in cancers (45).

Hypoxia, HIF-stabilizing agents, and HIF-2� all regulate
adenosine A2A receptor at the mRNA level. Unlike previous
studies of HIF-2�-mediated induction of specific genes in cell
lines and mouse models, our studies point to a more global role
for this transcription factor in primary human lung microves-
sels and macrovessels. This regulation of the adenosine A2A
receptor that we observed was not restricted to a single donor,
but was reproduced in more than 3 donors. Interestingly,
HIF-2� also increased adenosine A2A receptor mRNA in
human pulmonary artery endothelial cells. Although siRNA
knockdown of HIF-2� under hypoxia demonstrated a decrease
in A2A receptor expression, studies also showed a paradoxical
increase in receptor expression when the related HIF-1� was
knocked down. It appears that both HIFs bind to the A2A
receptor HRE. However, only HIF-1� binding to the regula-
tory element appears to form an inhibitory complex resulting
in inhibition of transcription. A similar regulation exists for
HK2, a known HIF-1�-specific gene, where HIF-2� rather
than HIF-1�, perhaps ��‚���� forms an inhibitory complex
under conditions of hypoxia (SI Methods and Fig. S2). These
results further corroborate earlier findings that selective ac-
tivation of target gene by HIF-1� or HIF-2� does not depend
on its DNA-binding ability (46, 47). Unlike the HIF-2�
regulation of adenosine A2A receptor in lung-derived endo-
thelial cells, Colgan and coworkers (48) have demonstrated an
HIF-1�-dependent regulation of adenosine A2B receptor in
dermal microvascular endothelial cells. It is interesting that
adenosine receptors are regulated so differently even in mi-

crovascular endothelial cells of different tissue origins. This
suggests potentially important phenotypic differences in the
growth regulation of the microvasculature in the pulmonary
versus the systemic circulation, just as occur in microvessels
versus macrovessels (49). The finding that mouse-derived
endothelial cells do not up-regulate adenosine A2A receptor in
response to hypoxia and HIF-stabilizing agents was rather
surprising, given the consistent findings in the human cells.
Although more recent studies in mice show an increased role
for HIF-2� in tumor vascularization (50, 51), the mechanisms
are likely to differ from those of humans. Despite the fact that
the laboratory mouse model has been an invaluable tool in
understanding numerous disease processes, it appears that this
model system would not be useful for studies of this phenom-
enon as it occurs in human cells. Given the fact that human
adenosine A2A receptor has multiple tissue-specific transcrip-
tion start sites and promoters (36), it would not be surprising
to find distinct regulation of this receptor in different cell
types. Interestingly, among the putative promoters, only R5
showed consistent induction with HIF-2� cotransfection. The
higher basal level of luciferase activity in endothelial cells is
likely due to higher basal levels of HIF-2� in these cells. The
specificity of this interaction is further substantiated by using
a ChIP assay, in which we show that HIF-2� does indeed bind
to the A2A receptor promoter in vivo. It remains to be seen
whether this promoter is unique to lung endothelial cells or is
also active in other cell types. Although PGK-1, used as a
positive control in the ChIP experiment, is an HIF-1�-
regulated unique gene, it is now well accepted that both
HIF-1� and HIF-2� bind to the same hypoxia response
elements (46, 47).

Angiogenesis promotes growth and proliferation of the mi-
crovasculature both in normal and disease states, the latter being
potentially less well-regulated. Cell proliferation is an essential
element in angiogenesis. Compared with endothelial cells from
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Fig. 4. Adenosine A2A receptor expression is
increased in lung tumor samples at different
stages. (A) Human lung cancer expression pan-
els (I and IV) containing reverse-transcribed
cDNA from the different tumor stages were
probed with real-time Taqman primers and
probes for adenosine A2A receptor and CD31.
The A2A expression data were normalized to
CD31 expression. The different tumor stages
were grouped together and plotted after log
transformation. *, Statistical difference from
the normal lung tissue using a 2-sample t test.
(B) Normalized A2A expression data were plot-
ted against the different stages of tumors.
ANOVA was used to compare the groups, fol-
lowed by pairwise comparisons of normal tis-
sue versus each of the other groups using Dun-
nett’s procedure. *, Statistically different from
the normal lung tissue. (C) CC1–CC4 show sig-
nificant positive CD31 (PECAM-1; pinkish-red)
immunostaining in the bronchovascular bun-
dles (CC1–CC3) and parenchyma (CC3 and CC4)
of normal (atelectatic) lung tissue obtained at
surgery. Staining of venous and/or lymphatic
vessel endothelium (CC1, arrow) and arterial
vessel endothelium (CC2 and CC3, arrowheads)
was variable but notably positive, as was the
capillary endothelium (CC3 and CC4). Immuno-
staining for adenosine receptor A2A (brown)
was largely absent from these tissues. By con-
trast, lung cancer specimens from both of these
patients (CT1, CT2, CT3, and CT4) stained markedly positive, especially in the tumor stroma. In these regions, CD31-positive-staining cells, likely endothelial cells
and/or tumor macrophages, coimmunostained positively for adenosine receptor A2A or, in some cases, A2A-positive cells were immediately adjacent to those
staining positively for CD31 (Magnification: 40�).
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the macrovessels, microvascular endothelial cells have a greater
proliferative potential (49). Our findings indicate that the aden-
osine A2A receptor promotes proliferation of lung microvascular
endothelial cells under conditions of both agonist-mediated
receptor activation and adenoviral-mediated overexpression.
The proproliferative characteristic of this receptor is consistent
with other reports that show increased endothelial cell prolifer-
ation upon its activation (52). This is in contrast to studies in
other cell types, including PC12 (pheochromocytoma) and
smooth muscle cells, where decreased proliferation upon acti-
vation of adenosine A2A receptor was observed (52, 53). In other
studies with PC12 cells, there was a decrease in cell viability upon
activation of the receptor in one study (54), whereas inhibition
of apoptosis was observed in another (55). Taken together, these
studies point to a cell- and tissue-specific regulation and function
of the receptor. These studies, in addition to our own findings,
show that either adenosine A2A receptor or the related adeno-
sine A2B receptor can be regulated by hypoxia in specific cell
types. Cells expressing either of these receptors may have
differential sensitivities based, in part, on local adenosine con-
centrations. Specifically, (i) adenosine A2B receptor has a much
lower-affinity Km for adenosine relative to the adenosine A2A
receptor and would likely be activated in areas where adenosine
concentrations are high, and (ii) higher adenosine concentra-
tions can, while activating A2B receptor, simultaneously desen-
sitize the high-affinity A2A receptor (56). Thus, adenosine A2A
receptors would likely be more important and active at lower
adenosine concentrations. Finally, endothelial cell migration and
sprouting assays demonstrate that increased expression or acti-
vation of A2A receptor can contribute to the angiogenic pro-
cesses in these microvascular cells.

The biological significance of A2A receptor in tumor growth
has been elegantly demonstrated by Sitkovsky and coworkers
(57). Their study shows that A2A receptor increases tumor
growth through inhibition of antitumor T cells. Interestingly,
these studies also showed decreased neovascularization in tu-
mors from the A2A receptor knockout animals compared with
the wild-type animals. Likewise, several studies have also shown
that HIF-2�, and not the related HIF-1�, is an important
prognostic marker of tumor grade, tumor aggressiveness, inva-
sion, and metastasis in a number of cancers (3, 5, 6, 58, 59).
However, the mechanism by which HIF-2� promotes such
growth independently of HIF-1� in human cancers is still not
clear. Our studies show significant increase in expression of A2A
receptor in whole-lung tumors, as assessed through normaliza-
tion of data to the vascular marker CD31. Interestingly, the
expression of A2A receptor was significantly increased during the
early, more differentiated stages of tumor growth (Fig. 4B),
suggesting that vascular growth and proliferation are of great
importance in establishing early tumor growth. This is in agree-
ment with recent findings where vascular growth was attributed
to tumorigenicity only during the early stages of tumor growth
(60, 61). Furthermore, immunohistochemistry results from hu-
man lung tumors showed that A2A receptor expression was
increased mainly in the tumor stroma, a region actively involved
in new blood vessel recruitment to support tumor growth. Some
of the A2A receptor expression could also be contributed by cell
types other than the endothelial cells. Taken together, these
earlier studies (62) along with our current findings underscore
the importance of A2A receptor in human lung tumor growth and
also suggest a possible mechanism by which HIF-2� can promote
vascular growth in tumors. These studies warrant further inves-
tigations into the role of this receptor in tumor progression.

In summary, the present study identifies the adenosine A2A
receptor as a new angiogenic target of HIF-2�. This receptor could
play an important role in tumor angiogenesis during the evolution
of cancer, and therefore could offer a potential target for therapy
in this process.

Experimental Procedures
Materials. Primary HLMVECs, human coronary artery endothelial cells (HCAECs),
pulmonary artery endothelial cells (HPAECs), and endothelial cell growth me-
dium were obtained from Lonza.

Generation of Adenoviruses. The HIF-1� construct containing mutations at
P564A and N803A that allow the protein to be stable and constitutively active
under normoxic conditions was obtained from Murray Whitelaw (University
of Adelaide, Adelaide, Australia) (63). An additional mutation was generated
at P402A to prevent any ubiquitylation and subsequent degradation of the
HIF-1� protein (64). The construct was then subcloned into an adenoviral
shuttle vector (pShuttle-CMV) by using the restriction sites KpnI/XbaI. An
adenovirus vector encoding the mutHIF-1� (Ad.mutHIF-1�) was generated by
using standard procedures. Briefly, the plasmid was linearized by using PmeI
and used to transform Escherichia coli strain BJ5183 carrying the plasmid Ad-
Easy-1 (65) to generate the recombinant plasmids containing the entire vector
chromosome. Recombinant vector DNA encoding the mutHIF-1� was released
fromtheplasmidbydigestionwithPacIandusedtotransfect293cells togenerate
Ad.mutHIF-1�. The vector was plaque-purified, grown in large scale, and purified
by using CsCl step- and isopycnic-gradient centrifugation. Ad.mutHIF-2�, encod-
ing the mutant human HIF-2� construct (also from Murray Whitelaw) (63) con-
taining mutations at P531A and N847A, was generated similarly.

For generation of an adenovirus vector encoding A2A receptor (Ad.A2A),
human adenosine A2A receptor (a kind gift from Marlene A. Jacobson, Merck
Research Laboratories, West Point, PA) cDNA was excised from pSVL plasmid by
using XhoI and BamH1 (blunted) and was subcloned into the adenoviral shuttle
vector pShuttle-CMV by using the restriction sites XhoI and EcoRV. Ad.A2A was
generated following the protocols outlined above.

Adenoviral transductions of HLMVECs were carried out at a multiplicity of
infection of 10 pfu per cell, as described previously (66). For transduced controls,
Ad.LacZ (67) was used.

RNA Interference. Knockdown of HIF-1� and HIF-2� in HLMVECs was carried
out by using predesigned SmartPool siRNA purchased from Dharmacon. Ini-
tially, transfection efficiencies were optimized by using siGLO Green as an
indicator. Transfections were carried out in 6-well plates by using 25 nM siRNA
complexed to 3 �L of DharmaFect1 transfection reagent (Dharmacon) in a
total volume of 2.0 mL, per the manufacturer’s protocol. Twenty-four hours
after transfection, cells were exposed to hypoxia (0% O2, 5% CO2, balance N2)
for an additional 24 h, after which RNA was isolated and real-time RT-PCR
performed by using Taqman primers and probes for adenosine A2A receptor,
HK2, and VEGFA (synthesized by Sigma-Aldrich).

Promoter Luciferase Assay. The A2A receptor promoter constructs, cloned in
pSSG-luciferase reporter vectors (a variant of pGL4.11 vector from Promega),
were obtained from SwitchGear Genomics. Details are provided in SI Methods.

ChIP. ChIP assays were performed on HLMVECs by using standard protocol.
Details are provided in SI Methods.

Tumor Tissue and Expression Profile. Human lung cancer expression panels (I and
IV) containing cDNA from normal tissue and the different tumor stages were
procured from Origene Technologies. Tumor and normal tissue RNA were also
obtainedfromtheUniversityofColoradoCancerCenterCorefacility (Aurora,CO)
under an institutional review board-exempt protocol. Tumor and normal tissue
sections used in immunohistochemistry were obtained from the Core facility.
RNA samples were reverse transcribed to cDNA. All cDNA samples were probed
with Taqman primers and probes for adenosine A2A receptor, and the data were
then normalized to CD31 expression.

Statistical Analysis. All statisticalanalyseswereperformedwiththeJMPsoftware
(SAS Institute). Data are represented as mean � SEM of n � 3 and were compared
by ANOVA followed by Tukey–Kramer test for multiple comparisons. A P value of
�0.05 was considered significant. Data from the tumor tissues as a group were
compared to the normal tissues and analyzed by using a 2-sample t test. Data
from the individual tumor stages were analyzed by using ANOVA followed by
Dunnett’s procedure.
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