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Abstract The integrins avb3 and avb5 have been implicated in playing a key role in the process of angiogenesis.
In this study, we examined the effects of hypoxia, an important stimulus of angiogenesis, on the differential expression
of the integrin subunitsb3 and b5. b3 and b5 messenger RNA (mRNA), protein levels, andavb3 function were measured
in human umbilical vein endothelial cells (HUVECs) cultured under normoxic and hypoxic (1% O2) conditions. Cells
exposed to hypoxic conditions for up to 72 h showed gradually increased mRNA levels ofaV and b3, peaking at 24 h,
in comparison with cells cultured under normoxic conditions. However,b5 mRNA levels, under the same hypoxic
conditions, remained at a constant level. Results from Western blot analysis of HUVECs, cultured under hypoxic
conditions, paralleled those of the Northern analysis with an increased expression inavb3 protein levels, measured by
blotting with LM609, evident by 24 h.avb5 protein levels, measured by blotting with P1F6, did not change for up to
72 h. HUVECs cultured under hypoxic conditions for 72 h showed increased attachment to fibrinogen, anavb3

mediated process. These results indicate that hypoxia can increase expression ofavb3 in HUVECs, and that hypoxic
regulation ofavb3 may be an important regulator of angiogenesis. J. Cell. Biochem. 78:674–680, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Angiogenesis is a process by which new blood
vessels are formed from preexisting capillaries
or postcapillary venules [Noden, 1989]. Angio-
genesis is a critical process during develop-
ment, wound healing [Folkman and Shing,
1992; Clark et al., 1982], and various diseases
including cancer [Blood and Zetter, 1990],
adult blindness [Aiello et al., 1995], and in-
flammatory disorders [Weinstat-Saslow and
Steeg, 1994]. In adult organisms, vascular cells
remain quiescent unless ischemia or hypoxic
conditions stimulate the secretion of angio-
genic factors [Patz, 1980; Shwerk et al., 1992].
Hypoxia, a state of reduced oxygen supply to
tissue, is therefore an important regulator of
blood vessel tone and structure [Arnet et al.,

1996]. Hypoxia stimulates production of a
number of angiogenic molecules in different
cellular systems, including vascular endothe-
lial growth factor (VEGF) in cultured human
endothelial cells [Namiki et al., 1995] and in
cultured smooth muscle cells [Stavri et al.,
1995; Brogi et al., 1994], nitric oxide synthase
and nitric oxide in endothelial cells [Arnet et
al., 1996; Xu et al., 1995], and platelet-derived
growth factor in endothelial cells [Kouremba-
nas et al., 1991].

The integrin avb3 is a major adhesion recep-
tor [Cheresh and Spiro, 1987] for Arg-Gly-Asp-
containing proteins including fibrinogen, vitro-
nectin, von Willebrand factor [Cheresh, 1987],
thrombospondin [Lawler et al., 1988], os-
teopontin [Reinholt et al., 1990], fibronectin
[Charo et al., 1990], and laminin [Kramer et
al., 1990]. This receptor is expressed on certain
activated leukocytes, and on macrophages and
osteoclasts [Ruoslahti and Pierschbacher,
1986; Davies et al., 1989; Horton et al., 1991].
It appears most prominently on cytokine-
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activated endothelial and smooth muscle cells,
and on vascular cells within human tumors
and granulation tissue [Brooks et al., 1994b].
The highly restricted expression of avb3 and its
upregulation during angiogenesis suggest that
it plays a critical role in angiogenic processes
[Brooks et al., 1994a; Sepp et al., 1994]. A
number of recent experimental studies with
antibody or cyclic peptide antagonists of inte-
grin avb3 support this notion in that they are
potent inhibitors of angiogenesis in different
models, including the chick chorioallantoic
membrane (CAM) [Brooks et al., 1994b], the
murine retinopathy of prematurity (ROP)
model [Luna et al., 1996], and murine tumor
growth and metastases models [Varner and
Cherish, 1996].

In contrast to avb3, avb5 is among the most
widely expressed members of the integrin fam-
ily and has been detected on most normal and
transformed cells [Pasqualini et al., 1993]. Un-
der certain conditions, avb5 may also stimulate
angiogenesis independent of avb3 [Friedlander
et al., 1995]. Because of the importance of hyp-
oxia in stimulating pathological angiogenesis,
in this study we investigated whether hypoxia
can modulate avb3 and avb5 mRNA and protein
levels in HUVECs.

MATERIALS AND METHODS

Reagents

Cells, culture media, and additives were from
Clonetics (Walkersville, MD). [a-32P]dCTP and
Rediprime DNA labeling system were from Am-
ersham Life Science, Inc.(Arlington Heights, IL).
Other reagents were from standard suppliers or
as listed in the text. The human integrin b5 sub-
unit was cloned using the published sequence
[Ramaswamy and Hemler, 1990; McLean et al.,
1990] by RT-PCR from total human placental
RNA (CLONTECH Laboratories, Inc., Palo Alto,
CA). First strand cDNA was prepared using oligo
dT12-18 and a gene specific primer. The b5 cDNA
was obtained in three segments by subjecting
one-tenth of the RT mix to multiple rounds of
PCR amplification using Deep Ventt DNA Poly-
merase (New England Biolabs, Inc., Beverly,
MA). The individual segments were then assem-
bled into a full-length cDNA using the cloning
vector pNoTA/T7 (5 Prime { 3 Prime, Boulder,
CO) prior to subcloning into the eukaryotic ex-
pression vector, pcDNA3 (Invitrogen Corpora-
tion, Carlsbad, CA). The accuracy of the clone

was confirmed by DNA sequence analysis, and
its functionality was determined by in vitro
transcription/translation using the TNTt Cou-
pled Reticulocyte Lysate System (Promega, Mad-
ison, WI).

Cell Culture

HUVECs, pooled from three to five donors,
were cultured in vented T162 flasks (Costar).
Cells were maintained in endothelial cell
growth medium with 2% fetal bovine serum. In
these studies, cells from Lot P059 were used at
passage three. Cells were maintained in Model
2700 (Cellstar) humidified incubators, with 5%
CO2, and either a balance of air (normoxic) or a
balance of 1% O2 in nitrogen (hypoxic). O2 con-
centration was set using the control panel and
calibrated by oxygen analyzer (Sensitron Asso-
ciates, Reading, PA).

RNA Purification and Northern Blot Analysis

Following incubation under normoxic or hy-
poxic conditions for various times, cells were
harvested and total RNA was isolated using an
RNA Isolation Kit (Stratagene Cloning Sys-
tems, La Jolla, CA). Total RNA (10 mg/lane, in
ethidium bromide) was denatured and electro-
phoresed on 1% agarose gels containing form-
aldehyde solution. After confirming integrity,
RNA was transferred to a nylon membrane and
immobilized by UV crosslinking, using a Strat-
alinker (Stratagene). The aV (Oxford Biomedi-
cal Research, Inc., Oxford, MI), b3 (Oxford), b5,
and b-actin (CLONTECH) cDNAs were labeled
using a rediprime DNA labeling system and
[a-32P]dCTP, following methods provided by
the vendor. The size of the aV and b3 plasmid
inserts were 1.6 and 2.2 Kbs respectively
[Fitzgerald et al., 1987]; b5 was 2.4 Kb; the
b-actin plasmid insert was 2.0 Kb [Findell et
al., 1993]. The blots were probed with a-32P-
labeled aV, b3, or b5 fragments, washed under
standard conditions, and exposed to X-ray film
(Kodak BioMax MS). To confirm equivalent
loading of RNA per lane, membranes were then
stripped of radioactivity and probed with
a-32P-labeled b-actin cDNA.

Western Analysis

HUVECs cultured under normoxic or hy-
poxic conditions were harvested, washed with
ice-cold phosphate-buffered saline, divided into
aliquots of 107 cells, pelleted by centrifugation,
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and resuspended in biotinylation buffer. Cell
surface proteins were labeled with biotin and
immunoprecipitated using the Cellular Label-
ing and Immunoprecipitation Kit (Boehringer
Mannheim Corporation, Indianapolis, IN). Im-
munoprecipitation was performed using LM609,
a specific avb3 monoclonal antibody [Cheresh
and Spiro, 1987; Chuntharapai et al., 1993], or
P1F6, a specific avb5 monoclonal antibody
[Friedlander et al., 1995]. In control experi-
ments, a murine IgG monoclonal antibody that
does not bind either avb3 or avb5 was used.
Protein-antibody complexes were analyzed
by electrophoresis on precast 10-18% SDS-
polyacrylamide gels (Integrated Separation
Systems) and electroblotted onto polyvinyli-
dene difluoride (PVDF) membranes (Sigma)
using standard Western blot protocols. Biotin-
labeled proteins were visualized using a BM
Chemiluminescence Western Blotting Kit
(Boehringer Mannheim) and exposure to X-ray
film (Kodak BioMax MS).

Cell Attachment Assay

HUVECs grown under normoxic or hypoxic
conditions were harvested, and 106 cells/mL
were loaded with 2 mM calcein-AM. 100,000
calcein-loaded cells were plated onto wells of
96-well high-binding plates (Corning), which
had been precoated with 25 mg/well purified
human fibrinogen. The plates were incubated
in the dark for one h at room temperature,
washed to remove nonadherent cells, and then
read on a Cytofluor II plate reader (Perceptive
Biosystems) at excitation wavelength 485 nm
and monitoring wavelength 530 nm.

RESULTS

Hypoxia Increases av and b3 mRNA levels
in HUVECs

Northern blot analysis of HUVEC mRNA af-
ter hybridization with cDNA probes for aV and
b3 showed a marked increase in aV and b3
mRNA levels in cells exposed to hypoxic condi-
tions (Fig. 1). The rise in the expression of
these transcripts was evident after 12–18 h of
reduced O2 incubation, reached a maximum
within 24 h, and persisted up to 72 h. No in-
crease in b5 mRNA levels was observed over the
same time course. The aV integrin mRNA was
approximately 8.5 Kb, the b3 integrin mRNA
was approximately 6.6 Kb, and the b5 integrin
mRNA was approximately 3.3 Kb. Cells grown

under normal O2 conditions failed to show any
increase in aV, b3, or b5 expression (data not
shown). The b-actin bands demonstrate equiv-
alent RNA loading per lane. Each experiment
was performed at least two times, and results
from one representative experiment are shown
in each case.

Hypoxia Increases avb3 protein expression
in HUVECs

Western blot analysis of HUVECs immuno-
precipitated with LM609 showed a marked in-
crease in avb3 levels in cells exposed to hypoxic
conditions (Fig. 2a). Under reduced conditions,
av appears as a major band at approximately
110 kDa and a minor band at approximately 40
kDa, which follows a previously reported pat-

Fig. 1. The time course expression of av (top), b3 (middle), b5

(bottom), and b-actin (insert) mRNA in HUVECs exposed to
hypoxia (1% O2) for 0, 6, 18, 24, 48, and 72 h was determined
by Northern blot analysis of total RNA (10 mg per lane) ex-
tracted from confluent HUVEC cultures. Blots were first probed
with either a-32P-labeled av or a-32P-labeled b3 cDNA, then
stripped and reprobed with a-32P-labeled b-actin cDNA. Posi-
tions of the 28S and 18S bands are shown for reference. Rela-
tive intensity of av, b3, and b5 expression from densitometric
scans of autoradiographs are shown in the graph.
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tern [Gerber et al., 1996]. b3 appears as a single
band at approximately 85 kDa. As observed for
mRNA levels, the rise in protein levels was by
24 h, and persisted up to 72 h. Western blot
analysis of HUVECs immunoprecipitated with
P1F6 showed no increase in avb5 levels in cells
exposed to hypoxic conditions during this same
time period (Fig. 2b). As in Figure 2a, av ap-
pears as a major and a minor band. b5 appears
as a single band at approximately 85 kDa.

Cells grown under normoxic conditions failed
to show any increase in avb3 or avb5 protein
(data not shown).

Effect of Hypoxia on HUVEC Adhesion

To assess the function of avb3 protein pro-
duced under hypoxic conditions, adhesion as-
says to a fibrinogen matrix were performed.
Under the conditions of this assay, HUVEC
adhesion was an avb3-dependent process
[Mousa et al., 1996]. As shown in Figure 3,
adhesion to fibrinogen was substantially in-
creased in cells exposed to hypoxia, in compar-
ison to those exposed to ambient atmosphere.
In order to demonstrate that increased adhe-
sion was due to increased avb3 expression, hy-
poxic cells were treated with LM609, an anti-
body specific for avb3 [Cheresh and Spiro, 1987;
Chuntharapai et al., 1993], prior to the assay.
As also shown in Figure 3, this pretreatment
reduced adhesion to control levels, indicating
that increased adhesion was due to avb3. High
background precluded accurate measurement
of adhesion during time points earlier than
72 h.

DISCUSSION

To our knowledge this study represents the
first report showing that hypoxia modulates
avb3 mRNA and protein levels, and the first
report showing a differential response to hyp-
oxia by avb3 and avb5. Our results demonstrate

Fig. 2. a: Western analysis of immunoprecipitated HUVECs
treated in hypoxic conditions for times indicated showing in-
creasing avb3 expression over 72 h. Molecular weight markers
are shown for reference. The major av and b3 bands are
marked. b:Western analysis of immunoprecipitated HUVECs
treated in hypoxic conditions for times indicated showing con-
stant avb5 expression over 72 h. Molecular weight markers are
shown for reference. The major av and b5 bands are marked.

Fig. 3. Effect of hypoxia (1% O2) on adhesion of HUVECs
following 72 h treatment, compared to cells cultured under
normoxic conditions for the same time (n56). The ordinate
shows signal intensity measured in relative fluorescent units
(RFUs). Treatment of hypoxic cells by LM609 (0.1 mmol/L)
reduced adhesion to normoxic levels (n53). Similar treatment
of normoxic cells by LM609 reduced adhesion to below detec-
tion threshold (data not shown).
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that hypoxia leads to a parallel, time-
dependent increase of av and b3 mRNAs and
avb3 protein levels in HUVECs. The response of
HUVECs to hypoxia therefore is not limited to
increased levels of the avb3 mRNA, but in-
cludes production of functional avb3 protein as
well. As assessed in adhesion assays to
fibrinogen-coated wells, the avb3 induced by
hypoxia in HUVECs was also manifested as a
functional difference. In contrast, our results
show no increase in either b5 mRNA or avb5
protein levels in HUVECs under the same hy-
poxic conditions. Taken together, these results
suggest that hypoxia may constitute a physio-
logic stimulus for avb3, but not avb5.

Previous studies have demonstrated the im-
portant role played by integrin avb3 in the pro-
cess of angiogenesis [Brooks et al., 1994a;
Brooks et al., 1994b; Luna et al., 1996; Fried-
lander et al., 1996]. avb3 is minimally ex-
pressed on resting or normal blood vessels, but
is significantly upregulated on vascular cells
within human tumors and granulation tissue,
and in response to certain growth factors, such
as basic fibroblast growth factor (bFGF) [Sepp
et al., 1994] and TNFa, in vitro [Varner and
Cheresh, 1996]. Antagonists of avb3 inhibit an-
giogenesis in a number of animal models
[Brooks et al., 1994a; Varner and Cheresh,
1996; Friedlander et al., 1996], including the
retinopathy of prematurity murine model. The
mechanism of action of avb3 antagonists in
blocking angiogenesis appears to be related to
their ability to selectively promote apoptosis of
newly sprouted blood vessels [Brooks et al.,
1994b]. In view of the important role for inte-
grin avb3 in angiogenesis, it is logical to expect
that hypoxia, a fundamental stimulus for an-
giogenesis, would modulate expression levels of
this integrin. It is interesting to note that lev-
els of both the av and b3 subunits were in-
creased by hypoxia. The av subunit is widely
expressed on most cell types and associates
with several different b subunits [Varner and
Cheresh, 1996]. Integrin avb3 expression there-
fore is most likely regulated by b3 transcrip-
tion.

Recent studies suggest that bFGF- and
VEGF-induced angiogenesis may depend on
distinct av integrins: avb3 and avb5 respectively
[Friedlander et al., 1995; Varner, 1997]. Since
angiogenesis is a critical biological process, it is
not surprising that it may depend on redun-
dant processes. avb5 may therefore serve as an

alternate mechanism of angiogenesis in the ab-
sence of the b3 subunit, as it does in individuals
with Glansmann’s thrombostenia [Friedlander
et al., 1995]. The results of this study however,
suggest that b5, unlike b3, does not respond to
hypoxia.

Clearly, it will be important to elucidate the
mechanism by which hypoxia influences inte-
grin avb3 expression. The ability of VEGF to
modulate avb3 expression on dermal endothe-
lial cells suggests that hypoxia’s effect in mod-
ulating avb3 levels may be mediated by increas-
ing VEGF levels [Senger et al., 1996]. An
analysis of the 3’ region flanking the human
VEGF gene revealed the presence of a se-
quence homologous to the hypoxia-responsive
enhancer element of the human erythropoietin
gene [Tischer et al., 1991; Nishida et al., 1993;
Madan and Curtin, 1993; Blanchard et al.,
1992]. No such sequence has been identified in
the known published sequences of the av, b3, or
b5 genes [Suzuki et al., 1987; Frachet et al.,
1990; McLean et al., 1990], suggesting that the
hypoxic effect on avb3 expression may be an
indirect one. Further studies to address this
hypothesis are in progress.
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