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Abstract
Hypoxia Inducible Factor (HIF) is a master heterodimeric transcriptional regulator of oxygen (O2)
homeostasis critical to proper angiogenic responses. Due to the distinctive coexpression of HIF-1α
and HIF-2α subunits in endothelial cells, our goal was to examine the genetic elimination of HIF
transcriptional activity in response to physiological hypoxic conditions by using a genetic model
in which the required HIF-β subunit (ARNT, Aryl hydrocarbon Receptor Nuclear Translocator) to
HIF transcriptional responses was depleted. Endothelial cells (ECs) and aortic explants were
isolated from Arnt

loxP/loxP
 mice and infected with Adenovirus -Cre/GFP or control -GFP. We

observed that moderate levels of 2.5% O2 promoted vessel sprouting, growth, and branching in
control aortic ring assays while growth from Adenovirus -Cre infected explants was compromised.
Primary Adenovirus -Cre infected EC cultures featured adverse migration and tube formation
phenotypes. Primary pulmonary or cardiac ARNT-deleted ECs also failed to proliferate and
survive in response to 8 or 2.5% O2 and hydrogen peroxide treatment. Our data demonstrates that
ARNT promotes EC migration and vessel outgrowth and indispensible for the proliferation and
preservation of ECs in response to the physiological environmental cue of hypoxia. Thus, these
results demonstrate that ARNT plays a critical intrinsic role in ECs and support a critical role for
the collaboration of HIF-1 and HIF-2 transcriptional activity in these cells.
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Introduction
Hypoxia is known to contribute to the regulation of the growth of new blood vessels in
ischemic diseases. Hypoxia Inducible Factor (HIF) -1 and -2 are the predominant
transcriptional regulators of multiple genes involved in adaptation to hypoxic stress. In the
presence of oxygen (O2), HIF-α protein subunits are hydroxylated at specific proline
residues by prolyl hydroxylases (PHDs) protein (pVHL)- mediated ubiquitin-proteasome
pathway [1–3]. As O2 becomes limiting, HIF-α subunits bind and dimerize to the
ubiquitously, constitutively expressed β-subunit, ARNT [4]. The resulting heterodimers
transactivate multiple genes containing hypoxia response elements (HREs) that encode for
proteins involved in the delivery and use of O2 and nutrients as well as genes that mediate
vascular responses to hypoxia [5].
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Despite a high degree of sequence similarities between HIF-1α and HIF-2α proteins, they
appear to have highly independent functions [6, 7]. First, both α-subunits activate common
genetic targets but each also coordinate cell specific genetic transcriptional profiles [8–12].
Second, each HIF-α subunit can also be uniquely regulated [13–15]. Third, different HIF-α
subunit genes are differentially transcribed in different cell types and while HIF-1α is
broadly expressed in most cells, HIF-2α expression is more restricted to endothelial,
hepatic, kidney intestinal, and lung epithelial cells [6]. Last, the exact contribution of each
α-subunit appears to also differ between cell types[16–21].

EC-specific disruption of either HIF-1α or HIF-2α results in no apparent biological insult
under a quiescent state [7, 22, 23]. However, each of these conditional knock-out mice
displays deficient angiogenic responses suggesting independent requirements for each α-
subunit. In concert, both may be necessary in establishing appropriate responses to hypoxia
when the vasculature is disturbed. Similar deletion of endothelial-ARNT results in mostly
embryonic lethality with impaired hepatic vasculature [24]. However, endothelial cells
function and biology was not examined any further. Our efforts in this study were to use a
genetic approach to delete ARNT and thereby entirely inactivate HIF-transcriptional
responses to examine the cell intrinsic requirements of the HIF-canonical pathway in
endothelial cells.

Methods
Cell culture

All the experiments that used animals were performed in accordance with approved animal
protocols from the Case Western Reserve University Animal Care and Use Committee and
National Institutes of Health guidelines. Mouse primary pulmonary and cardiac endothelial
cells (ECs) were isolated from ArntloxP/loxP pups and cultured as previously described [25,
26]. Briefly, lungs and hearts were digested with collagenase, sorted for CD31 and then
ICAM-1 (Pharmingen) using coated Goat anti-Rat magnetic beads (Invitrogen), and
maintained in complete VascuLife medium (Lifeline Cell Technology) for one additional
passage [25]. Experimental cells were infected with Adenovirus-Cre/GFP or Adenovirus-
GFP (1.1 x1012 pfu/ml, Vector Development Lab). Where indicated, ArntloxP/loxP ECs were
further immortalized with a retrovirus expressing the polyoma virus middle T antigen [27].
Surviving cells were then infected with Adenovirus-Cre/GFP or Adenovirus-GFP and FACS
sorted to create ArntloxP/loxP EC4 control and ArntΔ/Δ (Arnt-null) EC4 lines. Culture
experiments were done at 37°C with 5% CO2 under normoxic (21% O2) or physiological
hypoxic (2.5% O2) conditions.

Aortic ring angiogenesis assay
Ex vivo aortic ring angiogenesis assays were carried out as previously described with the
following condition modifications [28]. Thoracic aortas were isolated from 8 week-old
ArntloxP/loxP mice, sectioned into 1mm rings, and infected overnight with Adenovirus-Cre/
GFP or Adenovirus-GFP. Rings were cultured in rat tail interstitial collagen gel (1.25 mg/ml
collagen, 1x MEM, and NaHCO3 (15.6mg/ml) to pH 7.4) polymerized at 37°C. Assay
conditions included 100 µl of MCDB131 (Invitrogen) media supplemented with human
recombinant VEGF-A (20 ng/ml), 1% glutamine, and 100 U/ml penicillin/streptomycin, and
cultures maintained at 37°C in a humidified incubator under normoxia (21% O2) or
physiological hypoxia (2.5% O2). EC sprouting and neovessel formation was assessed at day
10 using an inverted microscope platform with bright-field optics (Leica DMI6000B).
Vessel numbers and branch numbers were quantified within corresponding regions of
interest and using image J software (n=10). Neovessels were stained with CD31 (1:50, BD
Pharmingen) and Rhodamine labeled anti-Rat IgG (1:200, Jackson Immuno. Res.)
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Cell proliferation
Cell proliferation of mouse primary lung and heart endothelial cells was measured by MTT
assay and Bromodeoxyuridine (BrdU) incorporation at 0, 24, 48 and 72 hours according to
manufacturer’s instruction (Chemicon). Briefly, isolated primary ECs were removed from
complete VascuLife medium, plated (2×104/ml) and cultured in 2% FBS DMEM (Sigma)
for 48 or 72 hours under normoxia (21% O2) or physiological hypoxia (8% or 2.5% O2)
conditions. BrdU incorporation and MTT reduction was detected every 24 hours. Data are
shown is the mean±SEM of triplicates representative of three independent experiments with
similar results.

Cell apoptosis
Isolated primary lung ECs were removed from complete VascuLife medium and cultured in
0.5% FBS DMEM (Sigma) for 12 hours and apoptosis was first assessed by examination of
Lyso Tracker Red (LTR) accumulation [29]. Primary ECs were washed with PBS and
incubated in diluted 2.5 µM LTR (Molecular Probes, Eugene, OR) solution for 15 minutes at
room temperature, then washed, and LTR+ cells were quantified with an inverted fluorescent
microscope (Leica DMI6000B). Further apoptotic analysis was carried out on fixed primary
ECs by TUNEL staining using the manufacturer’s instruction (Roche). Briefly, primary ECs
were cultured as described above and incubated in 0.5% FBS DMEM (Sigma) for 12 hours
under normoxia (21% O2) or physiological hypoxia (2.5% O2). Then cells were fixed with
4% paraformaldehyde and incubated with TUNEL reaction mixture for 1 hour at 37°C.
Positive apoptotic cells staining brown following treatment with DAB were counted from
triplicates.

Caspase3 staining
Isolated primary lung and heart ECs were removed from complete VascuLife medium and
cultured in 0.5% FBS DMEM (Sigma) for 24 hours under normoxia (21% O2), hypoxia (8%
or 2.5% O2), or treated with 300uM H2O2 for 2 hours. Then cells were fixed with 4%
paraformaldehyde and incubated with cleaved caspase3 antibody (Cell Signaling) overnight
at 4°C. Positive apoptotic cells staining brown following treatment with DAB were counted
from triplicates.

In vitro endothelial cell wound healing assay
Isolated mouse primary lung ECS were plated at 1 × 104 cells/well in six-well-plate and
allowed to adhere and become confluent monolayers after overnight culturing in complete
VascuLife media. A wound line was created with a 200-µl standard pipette tip, washed to
removed cell debris, and incubated in 2% FBS DMEM under normoxia (21% O2) or
physiological hypoxia (2.5% O2). Migration distance was quantified from phase contrast
images taken at 0 and 16 hours (n=10). ECs and distance travel were analyzed using NIH
Image J software. Data are shown by a mean of triplicates from one of three independent
experiments with similar results.

Cell migration
Migration (chemotaxis) assays were performed using 8 µm pore transwell plates (Costar)
coated with fibronectin (2.5 µg/cm2). Following 18 h of serum starvation, Control and Arnt-
null EC4 cells were plated (4x105 /ml) in triplicate and permitted to migrate for 6 hours
under normoxia (21% O2) or physiological hypoxia (2.5% O2) in the presence of 15 ng/ml
VEGF in migration medium (2% FBS DMEM) in the lower chamber compartment. The
cells on the upper side were removed with a cotton tip before fixing the insert membrane
with 4% paraformaldehyde and the remaining cells were stained with with 2.3% crystal
violet (Sigma) for 5 min. Relative cell numbers were quantified by washing the filter with
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water, solubilizing the crystal violet with methanol, and measuring at an OD of 560. These
experiments were repeated three times.

Matrigel tube formation
The tube formation assay was performed on growth factor-reduced Matrigel (Becton
Dickinson, Bedford, Massachusetts). 96-well plates were coated with 100 µl of Matrigel (10
mg/ml) and incubated at 37°C for 30 min to promote solidification. EC4 control and EC4
Arnt-null cells were seeded on coated plates at 5000 cells/well in 10% FBS VascuLife
medium and incubated at 37°C for 24 hours under normoxia (21% O2) or moderate hypoxia
(2.5% O2). Tube formation was examined using phase contrast microscopy and
photographed. A connecting branch of consistent thickness between two ECs was counted as
one tube. The degree of tube formation was quantified by measuring the branches of tubes in
5 random fields from each of 3 wells.

RT-PCR analysis
Total RNA was isolated from ECs using Trizol reagent (Invitrogen) and reverse transcribed
into cDNA with random hexamers and Superscript Reverse Transcriptase (Invitrogen). Gene
expression of the target sequence were analyzed by real-time quantitative RT-PCR using the
TaqMan system (Roche, designed in Universal Probe Library Assay Design Center from
Roche Applied Science) or Syber Green (Roche) and normalized in relation to the
expression of an endogenous control, 18S ribosomal RNA (rRNA). Oligonucleotide pairs:

TaqMan: forward primer 5’-AAATCAGTTATGGTTCCTTTGGTC-3’ and reverse primer
5’-GCTCTAGAATTACCACAGTTATCCAA-3’ for 18S; forward primer 5’-
GCAGCTTGAGTTAAACGAACG-3’ and reverse primer 5’-
GGTTCCCGAAACCCTGAG-3’ for VEGF; forward primer 5’-
CAGTGGTACTGGCAGCTAGAAG-3’ and reverse primer 5’-
ACAAGCATACGGGCTTGTTT-3’ for Flk-1; forward primer 5’-
GGCCCGGGATATTTATAAGAAC-3’ and reverse primer 5’-
CCATCCATTTTAGGGGAAGTC-3’ for Flt-1; forward primer 5’-
TTCGCAGTTCCGAAAGAAGT-3’ and reverse primer 5’-
GCTCTAGAATTACCACAGTTATCCAA-3’ for ADM; forward primer 5’-
GGTCCTCACGCAGAGTTCC -3’ and reverse primer 5’-
TCACCAAGCCATTGTACCG-3’ for Adora2a; forward primer 5’-
TACCTGCTGGCTGGATGG-3’ and reverse primer 5’-CACAGCCTCGGCATATTTCT-3’
for PGK.

Syber Green were: forward primer 5’-GCCTGATGCTCTCACTCTGCT-3’ and reverse
primer 5’-CAGAGAGATGATGGTGTCGCC-3’ for Hif-1α; forward primer 5’-
GCTACTTGGACGCTCTGCCTA-3’ and reverse primer 5’-
TTCTCCGAATCCAGGGCAT-3’ for Hif-2α.

Statistical Analysis
Statistics were performed by Student t test and all data is expressed as the mean±SEM.

Results
Loss of ARNT inhibits hypoxia enhanced vessel outgrowth and branching in aortic
explants

Angiogenesis is defined by various vessel-remodeling parameters that include the growth
and sprouting of endothelial cells [30]. To carefully investigate the effects of hypoxia in
sprouting angiogenesis, we utilized an ex vivo three-dimensional aortic ring assay in which
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ring fragments from descending aortas of ArntloxP/loxP adult mice were cultured for 10 days
under normoxic (21% O2) or moderate hypoxic (2.5% O2) conditions in a defined
microenvironment of rat type I collagen supplemented with 20 ng/ml of recombinant VEGF.
In control explants exposed to hypoxic conditions, endothelial tube staining for CD31 was
observed as early as day 5 (Fig. 1A a and b). Further hypoxia treatment for 10 days
statistically enhanced the number of sprouts from control aortic ring explants of which
~50% of sprouts were longer than 1mm (Fig. 1B and C). Moreover, the numbers of
branching vessels doubled in control rings exposed to hypoxia (Fig. 1B and D). These
findings indicate that hypoxia greatly enhances microvessel outgrowth, sprouting, and
branching in this ex vivo angiogenic explant assay.

To examine the cell intrinsic requirements of endothelial-HIF for sprouting and growth of
vessels, the delivery of Adenovirus–GFP/Cre recombinase enzyme to intact vascular
explants from ArntloxP/loxP adult mice permitted inactivation of ARNT, and therefore
canonical HIF transcriptional activity (Fig. 1A c and d). In contrast to control Adeno-GFP
infected cultures, we observed minimal sprouting in Cre-recombinase infected aortic rings
and lengths of the vessels were significantly reduced (Fig. 1B and C). Furthermore, we
failed to see any induction by hypoxia treatment of vessel numbers, lengths, or branches in
these mutant cultures (Fig. 1B–D and Supplemental Fig. 1). Thus, the absence of ARNT in
aortas results in an impaired angiogenic response.

Arnt-null endothelial cells fail to upregulate known HIF gene targets in response to
hypoxia

To investigate the cell intrinsic requirements of HIF in endothelial cells, CD31+ICAM1+

lung ECs isolated from ArntloxP/loxP neonates were immortalized with a polyoma middle T
antigen (EC4 Cells) [27]. Cells were infected with Adenovirus -GFP or -Cre/GFP and FACS
sorted to generate ArntloxP/loxP and Arnt-null cell lines. ARNT deletion was examined by
genomic-PCR amplification and its absence of ARNT protein expression confirmed by
Western-blot (Fig. 2A and B). These data indicated efficient abolishment of ARNT
expression in vitro.

In response to hypoxia, HIF-1α overexpression, or expression of a stable form of HIF-1α,
endothelial cells are known to upregulate numerous transcripts [8, 9]. To determine the
molecular consequences to the loss of ARNT, we screened for the expression of targets
considered to be unique targets to each of the α-subunits. ArntloxP/loxP and Arnt-null EC4
cells. Cells were cultured in normoxic (21% O2) or physiological levels of 8% O2 for lung
ECs or moderate 2.5% O2 conditions for 16 hours and total RNA was isolated, reversed
transcribed and the expression of various HIF targets was quantitatively analyzed by RTQ-
PCR [31]. Under either condition, we observed no difference in the expression of Hif-1α or
Hif-2α transcripts in either control or Arnt-null EC4 cells (Supplemental Fig. 2A). While
8% O2 treatment upregulated only VEGF transcript levels in EC4 cells, 2.5% O2 treatment
promoted the expression HIF-1α- (PGK, ADM), HIF-2α- (Flt-1, Adora2a), or common-
(Vegf) responsive gene targets. Instead, exclusive to minimal induction of VEGF transcript
levels (P<0.05), loss of ARNT was associated with a failure to induce these targets in
response to either 8 or 2.5% O2 (Figure 2C). In a closer examination of the VEGF pathway
in primary lung ECs, only VEGF levels were induced by hypoxia in control cells albeit
neither receptor genes were induced (Figure S2B). Our results indicate that ARNT deletion
in endothelial cells dampens the overall transcriptional responses to physiological hypoxia,
indicative of ARNT-dependent endothelial cell functions.
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Loss of ARNT disrupts endothelial cell functions
The failure to observe significant neovessel growth from Ade-Cre/GFP infected aortic rings
suggested that ARNT could normally promote the maintenance, proliferation, survival and/
or migration of ECs. To test the intrinsic requirements of ARNT in ECs, we first examined
cell migration using an in vitro scratch wound assay. After16 hours, no significant difference
between the distances migrated by Adeno-GFP and -Cre infected primary ArntloxP/loxP EC
cultures were recorded for normoxic conditions (Fig. 3A, S3). While the migration of
control ECs doubled in hypoxic treatment (2.5% O2), primary Adeno-Cre infected ECs
failed to respond to the same hypoxic exposure (Fig. 3A).

Next, since the survival or proliferation of Ade-Cre infected ArntloxP/loxP ECs may
contribute to the observed decrease in vascular sprouts in aortic rings or migration of
primary EC, we made use of our immortalized EC4 lines to elucidate further angiogenic
deficiencies. In Transwell migration assays, control and Arnt-null EC4 cells display
indistinguishable responses to VEGF (Fig. 3B). Unlike control EC4 cells, however,
mobilization of Arnt-null ECs did not increase in response to hypoxia (Fig. 3B).

Finally, we examined the requirements of ARNT on the ability of ECs to form capillary
tubes, another important angiogenic process, in 2-D Matrigel cultures (Fig. 3C). The tube-
like structures and vascular networks were significantly more extensive in control cultures
exposed to hypoxia compared to time-matched normoxia conditions (Fig. 3C). In contrast,
while Arnt-null EC4 cells formed few tube structures in response to hypoxia, branch
networks were consistently reduced (17.3±1.9 versus 5.0±0.6, Fig. 3C and D).

Loss of ARNT results in reduced survival and proliferation in primary endothelial cells
Since we failed to see proper vessel sprouting or cell migration from either Ade-Cre infected
ex vivo aortic explants or in vitro EC cultures, we hypothesized that loss of ARNT, and
therefore HIF transcriptional activity, affects the maintenance and proliferation of
endothelial cells. To test the intrinsic requirements of ARNT in ECs, we examined cell
proliferation and viability in primary CD31+ICAM-1+ lung or heart ECs. Under normoxic
conditions, the proliferation of Adenovirus-GFP or Adenovirus-Cre/GFP infected
ArntloxP/loxP ECs were indistinguishable (blue bars, Fig. 4A, S4A). Using LysoTracker- red
uptake to label apoptotic cells, we observed an increased number of LTR+ Adenovirus-Cre/
GFP+ cells relative to control Adenovirus-GFP+ ArntloxpP/loxP primary lung ECs (37% and
1%, respectively) in conditions of reduced serum (0.5% FBS, Fig. S4B). Therefore, while
under normoxic conditions loss of ARNT does not affect the proliferation of primary
endothelial cells, it alters their viability.

Next, we examined how moderate hypoxia affects the maintenance of ECs. In these
experiments, we included environmental O2 levels for each lung and cardiac ECs of 8 and
2.5%, respectively [31, 32]. When exposed to 2.5% O2there was an overall increased rate of
proliferation in control lung ECs over normoxic conditions in BrDU incorporation
experiments (Fig. 4A). Further proliferation experiments show that, compared to normoxia,
the proliferation rate of control lung ECs to 8% O2 was higher exclusively at 24 hours
(1.4X, P<0.05) but significantly induced at throughout 72 hours of 2.5% O2 exposure (1.6X,
1.4X and 1.6X at 24, 48, and 72 hours, respectively) (open bars, Fig. S4A). To verify the
requirement of ARNT in ECs, we isolated cardiac ECs which are considered to reside in a
lower gradients of O2 [32]. Cultures of control cardiac ECs also show that both 2.5 and 8%
O2 induce their proliferation (Figure S4A). In contrast, either O2 treatment failed to induce
the proliferation of Cre-recombinase infected lung or heart EC cultures over control 21% O2
conditions (striped bars, Figure S4A). Instead, we observed that Adenovirus-Cre infected
ArntloxP/loxP primary lung EC cultures appear to die more rapidly as detected by the uptake
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of lysozomal dye (Figure 4B). TUNEL staining after 24 hours of 2.5% O2 and 0.5% serum
treatment further confirmed their refraction to survival as a consequence of Arnt deletion
(~90 % of death, Figure 4C). Similar results were obtained from cardiac ECs whereby
Caspase-3 proteolytic activity from Cre-infected primary ECs increased 1.85- and 2.1-fold
in pulmonary and 3.5- and 3.3-fold in cardiac derived cells relative to control Ade-GFP
injected cells following either 8% or 2.5% O2 treatment, respectively (Figure 4D, E and
S4B).

Since oxidative stress, defined as excess production of reactive oxygen species (ROS), often
leads to EC damage we examined whether Cre-infects primary ECs were susceptible to
apoptosis in response to high concentration of hydrogen peroxide (H2O2) [33]. Casapase-3
levels were higher in both Adenovirus-Cre infected ArntloxP/loxP primary lung and heart ECs
over control cultures (P < 0.05 and 0.01, respectively, Figure 4D,E and S4B). These results
demonstrate that loss of ARNT significantly hinders endothelial cell proliferation and
viability, particularly in response to hypoxia. Indeed, we unsuccessfully maintained Arnt-
null primary endothelial cell cultures over two passage numbers.

Discussion
The biological significance of the canonical-HIF pathway is supported by the in vivo
requirements requirements of ARNT. Arnt-null mice are embryonic lethal with severe
neural, cardiac, hematopoietic, placental, and vascular phenotypes and tissue specific
deletion of Arnt in mice that include epidermis, β cells, adipocytes, T-cells, and liver result
in compromised phenotypes [34–41], Mice with EC-specific deletion of Hif-1a or Hif-2a
survive into adulthood without gross vascular abnormalities, but endothelial cell expression
of a dominant-negative transgene for either HIF-canonical transcription or loss of
endothelial-ARNT resulted in embryonic or postnatal lethality, respectively [22–24, 42].
Ultimately, these genetic studies strongly suggests that Hif-1a and Hif-2a have important
nonredundant roles in endothelial cells and are concomitantly required for the maintenance
of endothelial cells. As such in this study we examined, at the cellular level, the biological
consequences from inactivating all HIF transcriptional activity in endothelial cells by
deleting ARNT and describe pronounced proliferation, survival, and angiogenic defects.

We had previously identified the requirements of ARNT during vasculogenic and
angiogenic phases of vessel differentiation and maturation in embryonic stem cell
differentiation experiments noting that hypoxia promoted vessel growth and sprouting [43].
Our present manuscript further demonstrates that hypoxic treatment promotes vessel
outgrowth and branching in aortic ring explants and Arnt-null aortic rings fail to generate
any vessels supporting our model that a heightened deregulation of the HIF-canonical
pathway affects endothelial sprouting. Importantly, we show that ARNT inactivation
significantly suppresses EC capacity to form tubes or to migrate in response to VEGF,
inflecting the requirement for the heterodimerization of HIF in this process. Previous
experiments have shown that in vitro exposure of ECs to hypoxia or to a constitutively
active form of HIF-1α induce tube formation, which is otherwise abrogated by loss of
HIF-1α expression [8, 9, 22]. In vitro over expression of HIF-1α or HIF-2α have also
indicated additive effects on the adhesion, migration, and tube formation in ECs, perhaps
due to unique as well as synergistic transcriptional effects between HIF-1α and HIF-2α on
multiple angiogenic growth factors [44]. Data suggests that HIF-1α may promote cellular
sprouting by promoting cell proliferation, migration, and tube formation, whereas HIF-2α
may be involved in promoting differentiation of endothelial cells and in guiding their
maintenance thereby promoting vessel quiescence, presumably in a dose-dependent manner
[23, 44].
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At the organismal level, dynamic changes in response to hypoxia include the overall
production of VEGF to promote vessel growth, for example. In adult mice, at baseline
conditions of normoxia HIF-1α protein is present in various tissues while HIF-2α is absent.
However, systemic exposure to hypoxia results in increased levels of both subunits in
multiple organs, albeit with differences in amount, timing, and duration [21, 45]. In addition,
HIF subunits may also play opposing effects in mice in response to intermittent hypoxia
(IH), in which tissues incur cycling between normoxic and hypoxic O2 levels [46]. Thus,
each subunit may have unique response to levels and duration of hypoxia. At the cellular
level, previous studies have suggested that HIF-2α is critical for prolonged hypoxia. In a
human epithelial cell line HIF-1α and HIF-2α proteins can be induced by 4 hours in acute
hypoxia (0.5% O2,) but by 12 hours HIF-1α transcription is turned off while HIF-2α
expression remains stable [47]. In endothelial cells, levels of hypoxia have distinct effects
whereby 5% O2 promotes their survival and proliferation but more severe hypoxia may
cause increased apoptosis (reviewed in [48]). It is also important to consider that while
VEGF can upregulate HIF-1α, it was recently shown to decrease the expression of HIF-2α
in endothelial cells [49, 50]. Furthermore, opposing effects for these subunits have been
reported in monocytes and prostate tumor cells [51, 52].

The role of HIF in EC cell maintenance remains elusive. Our in vitro data shows that ARNT
is critical for the proliferation and survival of endothelial cells and that loss of HIF-
transcriptional activity is detrimental to EC viability. Indeed, under physiological levels of
hypoxia, while the numbers of proliferating primary Arnt-null cells decrease, apoptotic
numbers increase suggesting that ARNT is not only critical for circumstances requiring EC
activation, but is particularly important for the preservation of a proper vasculature. In VHL
loss in renal cell carcinomas HIF subunits are reported to have distinct effects on c-Myc
proto-oncogene whereby HIF-1α antagonizes c-Myc’s function restricting cell cycle
progression, and HIF-2α promotes c-Myc signaling supporting cell proliferation and tumor
growth [53, 54]. Specific to endothelial cells, this differential effect on c-Myc expression by
either HIF subunit consequently affects the expression of IL-8 [55]. However, in our control
or Arnt-null EC4 cells, no differences were observed for c-Myc expression for either 21% or
2.5% treatment (data not shown) suggesting that other pathways are involved. We recognize
that ARNT could also be regulated by other pathways as, for example, has been recently
shown that ARNT mRNA and protein expression directly regulated by NF-κB [56].
Moreover, ARNT is also known to dimerize with aryl hydrocarbon receptor (AHR),
essential for adaptive xenobiotic metabolism. Indeed AHR inactivation in endothelial cells
led to reduced basal endothelin-1 mRNA but did not alter hypoxia-induced expression [57].
Still, we consider that the coregulation of and by HIF-1 and HIF-2 involving ARNT is
necessary to refine the adaptation of endothelial cells to physiological hypoxia.

In response to physiological hypoxia, we failed to see induction of HIF target genes
(including Vegf and those unique to either HIF-1α or HIF-2α) that are important for
angiogenic processes in Arnt-null endothelial cells. Interestingly, under identical conditions,
we observe hypoxic induction of Flt-1 but repressed Flk-1 transcript levels in control EC4
cells suggesting a potential feedback downregulation of VEGF signaling [58]. This suggests
that an alternate non-HIF canonical pathway may be involved, including potentially unique
endothelial cell cooperation between HIF-2α/Ets-1 transcription factors for the regulation of
Flk-1 whereby Ets-1 is downregulated by the hypoxic induction of miR-200b [59, 60].
Alternatively, we propose that the down regulation of Flk-1 is dependent on HIF activity in
activated endothelial cells, albeit indirectly.

Importantly, our study demonstrates that intrinsic ARNT in endothelial cells is necessary for
their cellular adaptation to moderate levels of hypoxia normally found within their
microenvironment in order to activate the expression of angiogenic factors and other
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proteins important for their proliferation, survival, and migration [61]. HIF regulation is vital
in various human vascular pathologies including cancer, preeclampsia, peripheral arterial
disease, pulmonary hypertension, and myocardial, retinal, and cerebral ischemia [62]. While
inhibition of angiogenesis is a promising strategy for treatment of cancer and other
disorders, these results warrant the use of anti-HIF therapies that may hinder vessel integrity
and maintenance of the vasculature as warranted by the discovery of increasing number of
differences existing between these two HIF-subunits and the severity associated with loss of
ARNT in endothelial cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Loss of ARNT inhibits hypoxia enhanced vessel outgrowth and branching in aortic-ring
explants. (A) Magnification of vessel outgrowth from rings stained for Rhodamine-CD31 (a,
b). Note the vacuolated vessels in b (Arrowhead). Fluorescent micrographs of rings
dissected from aortas of ArntloxP/loxP adult mice were infected with Ade -GFP (c) or -Cre/
GFP (d). (B) Phase-contrast micrographs of representative rings infected with Ade -GFP or -
Cre/GFP after culturing for 10 days under normoxic or hypoxic (2.5% O2) conditions.
Arrows indicate vessel branches. Quantification of vascular outgrowth assessed by the
number of vessels, length of vessels (C) and branches (D). Data shown are the mean ± SEM,
n=10 samples. Statistical analysis was performed using an unpaired Student’s t-test.
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Fig. 2.
Arnt-null endothelial cells fail to upregulate HIF target genes in response to hypoxia.
Generation of Arnt-null endothelial cells (A and B). (A) PCR amplification of genomic
DNA detecting ARNT deleted band. (B) Western blot analysis of ARNT protein from
endothelial cells (EC4) cells derived from CD31+ICAM+ ECs isolated from lungs of
ArntloxP/loxP mice which were then immortalized, infected with Adenovirus -GFP and -Cre/
GFP, and FACS sorted. Proteins isolated from WT and Arnt-null (ArntΔ/Δ) embryonic stem
cells were used as controls. (C) Real-time PCR analysis of HIF-target gene expression in
control or Arnt-null EC4s and exposed to normoxic (21% O2) or hypoxic (8% or 2.5% O2)
conditions for 16 hours. Relative transcript levels were all normalized to 18S RNA and
compared to Ade-GFP normoxic EC4 cultures. Phosphoglycerate kinase 1 (PGK) is
considered HIF-1α specific target; adenosine A2A receptor (Adora2a) and VEGF receptor
-2 and -1 (Flk-1, and Flt-1) are considered HIF-2α specific targets; adrenomedullin (ADM)
and vascular endothelial growth factor (VEGF), are regulated by both α subunits.
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Fig. 3.
Loss of ARNT disrupts endothelial cell migration and tube formation. (A) Migration was
detected in a 2-dimensional scratch wound assay of primary CD31+ICAM-2+ lung
endothelial cells isolated from ArntloxP/loxP mice after 48 hours of infection with Adenovirus
-GFP or -Cre/GFP. Migration was measured after 16 hours of normoxic and hypoxic (2.5%
O2) treatment. Data are mean±SEM, n=3. (B) Cell migration capacity of immortalized EC4s
examined in response to 15 ng/ml of VEGF using Boyden chamber cultures. The relative
cell numbers remaining were quantified by measuring solubilized crystal violet uptake by
cells remaining after removal of cells from upper side of chamber. Data are expressed as
migrated cells and correspond to mean±SEM of 3 experiments performed in duplicate. (C)
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Representative pictures of control ArntloxP/loxP EC4 and Arnt-null EC4 cells plated on
Matrigel for 24 hours. Panels: Upper, normoxic cultures; Middle, hypoxic cultures; Lower,
higher magnification of the hypoxia panels. (D) Quantitative data of tube branch formation
after 24 hours.
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Figure 4.
Arnt-null endothelial cells display proliferation and survival defects. ArntloxP/loxP primary
lung and heart endothelial cells (ECs) were infected with Adenovirus -GFP or -Cre/GFP.
(A) BrdU incorporation to assess lung EC proliferation under normoxic or hypoxic (2.5%
O2) conditions. (B) Upper panels, Lysotracker Red (LTR) staining detecting cellular death
in primary lung ECs. Arrows, LTR+/Cre+ cells. Middle/lower panels, TUNEL staining
(brown) and quantification (C) of primary lung ECs cultures 24 hours following serum
withdrawal in 2.5% or 21% O2 conditions. High magnification images are shown in the
bottom right corner of each panel. (D,E) Quantification of Caspase-3 from primary lung (D)
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and heart (E) endothelial cells in response to 21, 8, or 2.5% O2for 24 hours or 300uM H2O2
for 2 hours.
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