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Abstract Hypoxia-inducible factors (HIF) are transcrip-

tion factors responding to reduced oxygen levels and are of

utmost importance for regulation of a widespread of cel-

lular processes, e.g., angiogenesis. In contrast to HIF-1a/

HIF-2a, the relevance of HIF-3a for the regulation of the

HIF pathway in human vascular cells is largely unknown.

HIF-3a mRNA increases under hypoxia in endothelial and

vascular smooth muscle cells. Analysis of HIF-3a isoforms

revealed a cell type-specific pattern, but only one isoform,

HIF-3a2, is hypoxia-inducible. Reporter gene assays of the

appropriate promoter localized a 31-bp fragment, mediat-

ing this hypoxic regulation. The contribution of HIF-1/2

and NFjB to the HIF-3a induction was verified. Functional

studies focused on overexpression of HIF-3a isoforms,

which decrease the hypoxia-mediated expression of

VEGFA and Enolase2. These data support the notion of a

hypoxia-induced inhibitory function of HIF-3a and dem-

onstrate for the first time the existence of this negative

regulation of HIF-signaling in vascular cells.
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Abbreviations

HIF Hypoxia-inducible factor

HRE Hypoxia response element

HUVEC Human umbilical venous endothelial cell

VSMC Vascular smooth muscle cell

DMSO Dimethylsulfoxid

DMOG Dimethyloxalylglycine

PHD Prolylhydroxylases

Ets e26 transformation-specific transcription factor

AP-1 Activating protein-1 transcription factor

Introduction

Hypoxia is regarded as an important stimulus of physio-

logical and pathophysiological angiogenesis. Beside the

well-established impact of hypoxia-driven angiogenesis in

tumor development, the presence of hypoxia and angio-

genesis is shown in advanced atherosclerotic lesions [1–3].

The cellular effects of hypoxia are mostly mediated by the

hypoxia-inducible factors (HIF), consisting of one of the

tightly controlled a-subunits (HIF-1a, HIF-2a and HIF-3a)

and the constitutively expressed HIF-1b. A possible role for

HIF in atherosclerosis is supported by the presence of in-

traplaque angiogenesis and the expression of several known

HIF-responsive genes in atherosclerosis, e.g., VEGFA. In

human atherosclerosis HIF-1a and HIF-2a co-localize in

hypoxic areas of the plaque with macrophages and are

associated with expression of angiogenic and inflammatory

factors [4–7]. However, the contribution of vascular cells

such as endothelial cells (EC) and vascular smooth muscle

cells (VSMC) to hypoxic response in atherosclerosis is

undefined. In healthy tissues ECs are in a quiescent state and

rarely divide and migrate. In contrast, under hypoxic
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conditions they are able to divide rapidly, to migrate and

promote the formation of new vessels [8]. Beside the

established function of HIF-1a in endothelial proliferation,

migration and sprouting [9, 10], HIF-2a seems to participate

more in remodeling and maturation of the microvasculature

and maintaining the vessel integrity [11, 12]. In contrast, the

distribution and especially the function of HIF-3a in the

human vascular system is still unidentified.

HIF-a subunits and HIF-1b are structurally related pro-

teins of basic helix-loop-helix (bHLH) and PER-ARNT-

SIM (PAS) domain transcription factors [13]. Beside these

domains, which are necessary for DNA binding and

dimerization, a-subunits own an oxygen dependent degra-

dation domain (ODDD) and two transactivation domains

(NTAD and CTAD). The expression, stability and activity of

the HIF-a subunits are closely regulated [14]. Posttransla-

tional hydroxylation of a-subunits under normoxia by

oxygen-dependent monooxygenases (prolylhydroxylases,

PHD) permits subsequent degradation by the ubiquitin/

proteasome pathway [15–17]. Upon inhibition of HIF-a
degradation under hypoxia, the a-subunits translocate to the

nucleus and dimerize with HIF-1b. This complex recognizes

and binds to the hypoxia response element (HRE) [18], and

thus induces a broad range of genes that are involved in

multiple cellular processes like angiogenesis, glycolysis and

cell survival, but also apoptosis [19, 20].

HIF-3a shows a high similarity to HIF-1a and HIF-2a in

the bHLH and PAS domains, but lacks the C-terminal

transactivation domain (CTAD) [21]. A splicing variant of

HIF-3a, identified in mice and termed inhibitory PAS

(IPAS) was shown to act as a dominant-negative regulator of

the HIF pathway [22]. This transcript was observed in heart

and lung of hypoxia-exposed mice, and a feedback inhibi-

tion of adaptive responses to hypoxia in these tissues was

postulated [23]. A first characterization of human HIF-3a
was presented in 2001 [24]. The authors showed that HIF-3a
is expressed in human kidney and suppresses HIF-mediated

reporter gene expression. HIF-3a, as detected in a human

alveolar epithelial cell line (A549), shows a strong hypoxic

induction at mRNA and protein level because of transcrip-

tional activation and enhanced protein stability [25]. To date

several human HIF-3a isoforms, generated by alternative

splicing, have been described [26–28]. Among them, espe-

cially short isoforms similar to mouse IPAS are specified to

operate as dominant-negative regulators of HIF signaling.

Recently published data described HIF-3a isoforms in a

renal carcinoma cell line; one of them is upregulated by

hypoxia. A target gene- and cell-specific impact of HIF-3a
for HIF target gene expression was postulated [29].

The present study shows that in vascular cells hypoxia

upregulates HIF-3a in a newly defined isoform-specific

fashion. This induction is dependent on HIF-signaling

itself. Adenoviral overexpression of HIF-3a in vascular

cells exerts an antagonistic effect on hypoxia-dependent

induction of HIF-1/HIF-2 target genes. These data support

the notion of counteractive, i.e., stimulatory and inhibitory

elements of the HIF-pathway in vascular cells potentially

contributing to the genesis of atherosclerosis.

Materials and methods

Cell culture

All culture media and supplements were purchased from

PAA Laboratories (Germany) unless otherwise specified.

FCS was provided by Sigma-Aldrich (Germany). Cells were

incubated at 37�C in a humidified atmosphere containing 5%

CO2. For hypoxic conditions cells were cultivated in a

humidified chamber at 0.5% O2 balanced with 95% N2 and

5% CO2 at 37�C. HEK293 and HELA cells were purchased

from DSMZ (Germany) and maintained in DMEM (high

glucose) and RPMI1640, respectively, with 10% FCS and

antibiotic/antimycotic solution (PAA Laboratories, Ger-

many). Human umbilical venous endothelial cells (HUVEC)

were isolated according to a modified method of Jaffe et al.

[30] using enzymatic digestion with collagenase type 2 from

umbilical cords. Cells were grown in endothelial cell growth

medium MV (ECGM; PromoCell, Germany) with antibi-

otic/antimycotic solution and used from passages 1–4.

Primary cultures of vascular smooth muscle cells were

obtained by explant technique from human aortic sections

derived from coronary artery bypass surgery. VSMCs were

cultivated in DMEM (low glucose) with 10% FCS and

antibiotic/antimycotic solution.

RNA isolation and real-time RT-PCR

Total RNA was isolated using the Invisorb Spin Cell RNA

Mini Kit (Invitek, Germany). cDNA was synthesized with

the Revert AidTM H Minus First Strand Synthesis Kit (MBI

Fermentas, Germany) from 1–5 lg total RNA using oligo-

dT. Real-time PCR was performed using the iCycler IQ

Real Time PCR System (BioRad, USA) and SYBR� Pre-

mix ExTaqTM (Takara Bio Inc./Lonza, Germany). PCR

conditions for all primer sets (Table 1) were as follows:

95�C for 2 min followed by 40 amplification cycles, each

consisting of 95�C for 20 s, 58�C for 30 s and 72�C for

20 s with a final extension step at 72�C for 2 min. Identity

of PCR products was proved by melting point analysis,

electrophoresis and sequencing of resulting PCR products

(sequencing facility MPI CBG Dresden, Germany). Rela-

tive quantification of gene expression was calculated with

the DDCT method using Gene Expression MacroTM Ver-

sion 1.1 (BioRad Laboratories, USA) with HPRT1 as

housekeeping gene.
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Detection of HIF-3a isoforms

Touchdown-PCR was performed with GoTaq Polymerase

(Promega, Germany) and isoform-specific primers (95�C

for 5 min, 12 cycles with 95�C for 30 s, decreasing

annealing temperature from 60 to 54�C for 30 s, 72�C for

30 s; 30 cycles with 95�C for 30 s, 54�C for 30 s and 72�C

for 30 s). PCR fragments were analyzed by electrophoresis,

cloned with pGEM�-T Easy Vector System (Promega,

Germany) and sequenced. For semiquantitative evaluation

of HIF-3a isoform expression, aliquots of PCR reactions

were removed after defined cycles and analyzed on agarose

gels. Signal intensities of DNA bands were estimated with

‘‘Quantity One’’ software from BioRad (USA) and nor-

malized by parallel detection of housekeeping gene

HPRT1. The following PCR primers were used: HIF-3a1

sense 50-CAT GGA CTG GCA AGA CCA C-30; HIF-3a2

sense 50-CTG CAG CGC GCA AGG TC-30; HIF-3a3 sense

50-ACC CAC TCG TAA CTC GCA CC-30; universal

antisense 50-TCC CAC CTG GTT CCA CTCC-30.

Transient transfection of siRNA into HUVEC

Transfections of HUVEC with siRNA (siMAX siRNA,

MWG Biotech, Germany) were done using TurbofectTM

siRNA transfection reagent (Fermentas GmbH, Germany)

according to the manufacturer’s instructions. Briefly, HU-

VECs were seeded with 1 9 105 cells/cm2 in endothelial

cell growth medium MV (ECGM, Promocell, Heidelberg,

Germany). Before transfection, the medium was replaced

by Opti-MEM I (Invitrogen GmbH, Darmstadt, Germany)

with 2% FCS. For transfection of 1 well in a 24-well

plate, 0.5 lg (37.5 pmol) of siRNA was diluted in 100 ll

Opti-MEM I; 1.5 ll TurbofectTM siRNA transfection

reagent was added, mixed and incubated for 20 min at

room temperature. Subsequently complexes were added

drop-wise to each well. After 5 h the medium was replaced

by ECGM. Gene silencing was assayed 24–72 h later.

siRNA sequences were as follows: HIF-1a (sense 50-AG-

UUCACCUGAGCCUAAUATT-30, antisense 50-UAUUA

GGCUCAGGUGAACUTT-30); HIF-2a (sense 50-GGAG

CUAACAGGACAUAGUTT-30, antisense 50-ACUAUG

UCCUGUUAGCUCCTT-30); non-specific control (sense

50-AGGUAGUGUAAUCGCCUUGTT-30, antisense 50-C
AAGGCGAUUACACUACCUTT-30).

Construction of adenoviruses and adenoviral infection

Recombinant adenoviruses were produced with the Adeno-

XTM Expression System (Clontech, USA) according to the

manufacturer’s protocol. Primers for plasmid construction

are summarized in Table 2. HIFadn was amplified from

HUVEC cDNA, and HIF-3a2 and HIF-3a3 were amplified

from plasmid harboring cDNA coding for HIF-3a3 (Ger-

man Resource Centre for Genome Research RZPD,

Germany). Wild-type IjBa was synthesized from HUVEC

cDNA. The construction of dominant active IjBa (IjBam)

was done by site-directed mutagenesis of both serine

phosphorylation sites at position 32 and 36 to alanine. The

resulting PCR fragments were cloned into pShuttle with

appropriate restriction enzymes. To construct an adenovi-

rus expressing small hairpin RNA (shRNA) under control

of H1 promoter, a synthetic double-stranded DNA frag-

ment (HIF-3ash1083 or shscr as control) with sticky ends

for BamHI/HindIII was cloned into pshuttle-H1. The

expression cassette was then transferred into pAdeno-XTM

and transformed into E. coli Stbl2. Recombinant pAdeno-

XTM plasmid was digested with PacI and transfected in

HEK293 cells using a calcium phosphate transfection kit

(Sigma-Aldrich, Germany). After evidence of a cytopathic

effect, cells were lysed by three freeze-thaw cycles, and

primary viral stock was stored at -80�C. Recombinant

Table 1 Primers used in

real-time RT-PCR
Gen Sequence GenBank acc. no.

ENO2 50-CTG AAG CCA TCC AAG CGT-30

50-CAG ACG TTC AGA ACG GCA C-30
NM_001975

HIF-1a 50-GTT CAC CTG AGC CTA ATA GTC C-30

50-GGA ACG TAA CTG GAG GTC ATC-30
NM_001530

HIF-2a 50-AGT CAC CAG AAC TTG TGC ACC-30

50-CTT CTC AAT CTC ACT CAG GAC G-30
NM_001430

HIF-3a 50-TGT ACT CTT CAT GCG CAA GG-30

50-TGT GAC CAA GAG GAG CTT CAG-30
NM_152794, BC080551,

NM_022462, BC026308,

AK024095

HPRT1 50-TTGCGACCTTGACCATCTTTG-30

50-CTTTGCTGACCTGCTGGATTAC-30
NM_000194

VEGFA 50-GCC TTG CCT TGC TGC TCT AC-30

50-GAA GAT GTC CAC CAG GGT CTC-30
NM_001025370
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virus was amplified in HEK293 cells, and purification was

performed by cesium chloride density gradient centrifu-

gation. Briefly, clarified lysate was overlaid onto a three-

step gradient (1 ml CsCl with 1.245 g/cm3, 2.5 ml CsCl

with 1.32 g/cm3 and 1.5 ml CsCl with 1.44 g/cm3 in

25 mM Tris-Cl, 137 mM NaCl, 5 mM KCl, 0.5 mM

Na2HPO4, pH 7.4) and centrifuged at 220,000g at 10�C for

2 h. The virus-containing band was separated, dialyzed

against 10 mM Tris-Cl, pH 8.0, 135 mM NaCl, 3 mM

KCl, 1 mM MgCl2, 1% (v/v) glycerol and stored after

addition of glycerol to 10% at -80�C. Viral titer was

determined with the AdenoXTM Rapid Titer Kit (Clontech).

Table 2 Primers used for

plasmid constructions and

competition experiments

Recognition sites for restriction

enzymes are underlined and

identification noted behind

sequences

Primer set Sequence

HIF-3a2 50-GCTCTAGAATGCGCCTCACCATCAGC-30 (XbaI)

50-AAGGTACCGGAGGAGAAGGCAGATG-30 (KpnI)

HIF-3a3 50-AATCTAGACCGAGCCATGGCGCTG-30 (XbaI)

50-AAGGTACCGGAGGAGAAGGCAGATG-30 (KpnI)

HIF-3apromI 50-ATAAGCTTAATTATTCATC-30 (HindIII)

50-AGCGCCATGGCTCGCCAGTC-30 (NcoI)

HIF-3apromII 50-TAGCTAGCAGAAGGCGCGTTCAG-30 (NheI)

50-AACTCGAGGCACGGCGGTGAGATG-30 (XhoI)

HIF-3apromIII 50-TTGCTAGCCTCCTGCCTCAGCCTTTC-30 (NheI)

50-TGGTCTTGCCAGTCCATGGTG-30 (NcoI)

HIFadn 50-GGGCTAGCTCTGAACGTCTCAAAGG-30 (NheI)

50-GGTACCTTACAGGGCTATTGGGCGT-30 (KpnI)

IjBa 50-AAGCTAGCATGTTCCAGGCGGCCGAG-30 (NheI)

50-CACGGTACCTCATAACGTCAGACGCTG-30 (KpnI)

IjBam 50-CGCCACGACGCCGGCCTGGACGCCATGAAAGAC-30

50-GCGTCCAGGCCGGCGTCGTGGCGG-30

pGL-34 50-CTAGGCCTCCCCACCCAAGGCCGGCCCTTTCCTGTGGAG-30

50-TCGAGCTCCACAGGAAAGGGCCGGCCTTGGGTGGGGAGGC-30

pGL-41 50-CTAGGCTGAGCTCGGGTGCCCCCCCTCCCCACCCAAGGCCGGCC-30

50-TCGAGGCCGGCCTTGGGTGGGGAGGGGGGGCACCCGAGCTCAGC-30

pGL-30 50-CTAGGCTTTCCTGTGGAGTCATCTCACCGCCGTGCC-30

50-TCGAGGCACGGCGGTGAGATGACTCCACAGGAAAGC-30

pGL-41A 50-CTAGGCCTCCCCACCCAAGGCCGGCCCTTTCCTGTGGAGTCATC-30

50-TCGAGATGACTCCACAGGAAAGGGCCGGCCTTGGGTGGGGAGGC-30

pGL-51 50-CTAGGCCTCCCCACCCAAGGCCGGCCCTTTCCTGTGGAGTCATCTCA

CCGCCGTGCC-30

50-TCGAGGCACGGCGGTGAGATGACTCCACAGGAAAGGGCCGGCCTT

GGGTGGGGAGGC-30

pGL-31 50-CTAGGCAAGGCCGGCCCTTTCCTGTGGAGTCATC-30

50-TCGAGATGACTCCACAGGAAAGGGCCGGCCTTGC-30

pGL-31m1 50-CTAGGCAAGGCCGGCCCTTTGCTGTGGAGTCATC-30

50-TCGAGATGACTCCACAGCAAAGGGCCGGCCTTGC-30

pGL-31m2 50-CTAGGCAAGGCCGGCCCTTTCCTGTGGTTTCATC-30

50-TCGAGATGAAACCACAGGAAAGGGCCGGCCTTGC-30

HIF-3ash1083 50-GATCCCGAGTATCGTCTGTGTCCATTTCTCGAGAAATGGACACAGAC

GATACTCTTTTTTCCAAA-30

50-AGCTTTTGGAAAAAAGAGTATCGTCTGTGTCCATTTCTCGAGAAATG

GACACAGACGATACTCGG-30

shscr 50-GATCGCGTGATGAGGCGGTTAACGTTCCTTGATATCCGGGAACGTTA

ACCGCCTCATCATTTTTTCCAAA-30

50-AGCTTTTGGAAAAAATGATGAGGCGGTTAACGTTCCCGGATATCAAG

GAACGTTAACCGCCTCATCACGC-30
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HUVECs (VSMC) were grown to 60–80% confluence for

about 24 h. Then cells were transfected with adenovirus at

a multiplicity of infection (M.O.I.) of 200 (100). The virus-

containing medium was removed after 24 h, and cells were

cultivated with fresh medium for a further 24 h before

hypoxic treatment.

Construction of HIF3a promoter-driven luciferase

reporter plasmids

DNA fragments from the 50-flanking regions of HIF-3a
exon 1a, 1b and 1c were amplified from BAC plasmid

RZPDB737A022172 (German Resource Centre for Gen-

ome Research RZPD, Germany). The PCR products were

cloned in pGL3-basic vector (Promega, Germany) using

appropriate restriction enzymes. Otherwise chemically

synthesized double-stranded oligonucleotides correspond-

ing to short promoter sequences were ligated directly into

pGL3-basic vector (Table 2).

Transient transfection of HUVEC and luciferase assay

HUVECs were transfected using jetPEITMHUVEC (Poly-

plus transfection, PEQLAB Germany) according to the

manufacturer’s instructions. Briefly, HUVECs were seeded

in 48-well cell culture plates at a density of 20,000 cells/

cm2 the day before transfection in ECGM. Medium was

changed before transfection to Opti-MEM I (Invitrogen,

Germany) supplemented with 2% FCS; 1 lg Plasmid-DNA

was used with 2 ll jetPEITMHUVEC per well (10 ng/well).

pRL-CMV vector (10 ng/well, Promega, Germany)

expressing Renilla reniformis luciferase was co-introduced

as internal control for normalization of transfection effi-

ciency. Cells were incubated for 3 h and thereafter washed

and placed in ECGM for a further 3 h. Hypoxic or norm-

oxic conditions were applied for 24 h, and cellular extracts

were prepared for Dual Luciferase� Reporter Assay (Pro-

mega, Germany) following the manufacturer’s instructions.

Luciferase was quantified with a Lumat BL9507 lumino-

meter (EG&G Berthold, Germany). Promoter activities

were calculated as quotient of firefly luciferase and renilla

luciferase luminescence levels relative to pGL3-basic.

Western blot analysis

Western blot analysis was performed as described previ-

ously [31] using the following antibodies and dilutions:

mouse monoclonal anti-HIF-1a (BD Biosciences, Ger-

many) 1:500; rabbit polyclonal anti-HIF-2a (Novus

Biologicals, USA) 1:1,000; rabbit polyclonal HIF-3a
(ab10134, Abcam, UK) 1:1,000; mouse anti-b-actin (Santa

Cruz, USA) 1:1,000; sheep anti-mouse-HRP (GE Health-

care, USA) 1:10,000; goat anti-rabbit-HRP (Santa Cruz,

USA) 1:2,500. Intensities of protein bands were estimated

with ‘‘Quantity One’’ software from BioRad (USA). Equal

loading of proteins was determined by detection of b-actin.

TransAMTM ELISA

Nuclear protein extraction was performed with the Nuclear

Extract Kit (Active Motif Europe, Belgium). ELISA-based

kits for detection of HIF-1 (TransAMTM HIF-1) and AP-1

(TransAMTM AP-1 family including c-Fos, FosB, Fra-1,

c-Jun, JunB and JunD) were used according to the manu-

facturer’s instructions (Active Motif Europe, Belgium).

TransAM kits contain a 96-well plate on which an oligo

containing a binding site for HIF-1 (50-TACGTGCT-30) or

AP-1 (50-TGAGTCA-30), respectively, has been immobi-

lized. Transcription factors contained in nuclear extract

specifically bind to this oligonucleotide. Primary antibodies

recognize accessible epitopes on HIF-1 or c-Fos, FosB,

Fra-1, c-Jun, JunB and JunD upon DNA binding. Addition

of secondary HRP-conjugated antibody provides a colori-

metric read-out that is quantified by spectrophotometry.

Database searches and statistical analysis

Searches of GenBankTM were performed using BLAST

service at the National Center for Biotechnology Infor-

mation (NCBI) home page (http://www.ncbi.nlm.nih.gov).

Searches for transcription factor binding sites were per-

formed with Genomatix software (http://www.genomatix.

de), PROMO 3.0.2 (http://alggen.lsi.upc.es) and TESS

(http://www.cbil.upenn.edu/tess) [32] .

For statistical analysis all values were normalized as

indicated and expressed as mean ± standard deviation.

Data were analyzed using unpaired Student’s t-test

between two groups. P-values below 0.05 and 0.01 were

considered to be statistically significant (*) and very sig-

nificant (**), respectively. If applicable the additional

consideration of Bonferroni correction of k = 2 is indi-

cated; hence a/k = 0.025 (*) and 0.005 (**).

Results

Expression profile of HIF-3a

The computational analysis of expressed sequence tag

(EST) counts allows the generation of an approximate

expression pattern for HIF-3a (http://www.ncbi.nlm.nih.

gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.420830). It

shows, in comparison to the widely expressed HIF-1a and

HIF-2a, a more restricted HIF-3a expression to certain

organs. HIF-3a ESTs were detected for example in spleen,

nerve, heart, placenta and umbilical cord, but not in blood,

HIF-3a in vascular cells 2631
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bone marrow or lymph. To get more insight into the

involved cell types different primary cells were analyzed

for HIF-3a expression. Human endothelial cells (venous

and arterial cells from umbilical cord, aortic endothelial

cells) and vascular smooth muscle cells from human aorta

express HIF-3a mRNA, which is also inducible by hyp-

oxic culture conditions. CD34? hematopoietic progenitor

cells, monocytes from peripheral blood and monocyte-

derived macrophages did not show detectable amounts of

HIF-3a, in agreement with the mentioned EST data and

underlining the limited tissue/cell-specific expression of

HIF-3a.

Expression of HIF-3a subunits during hypoxia

in vascular cells

HIF-a subunit expression was determined under normoxic

and hypoxic treatment of HUVEC (Fig. 1). As is already

known, HIF-1a and HIF-2a mRNA are expressed in high

amounts in endothelial cells. Whereas HIF-1a and HIF-2a
mRNA are decreased by hypoxia, a significant increase of

HIF-3a mRNA is detectable from 8 h up to 48 h of

hypoxic treatment (Fig. 1a, b). Comparable results were

achieved with VSMC (data not shown). To investigate the

role of active transcriptional and translational processes

for hypoxic induction of HIF-3a mRNA, HUVECs were

pretreated with actinomycin D (ACTD) or cycloheximide

(CHX) prior to hypoxia. Both inhibitors prevent the

upregulation of HIF-3a mRNA completely, indicating that

the hypoxic increase is caused rather by mRNA synthesis

than stabilization and depends on active protein synthesis

(Fig. 1c).

Hypoxic HIF-3a induction is dependent on HIF

and NFjB signaling

Dimethyloxalylglycine (DMOG), inhibiting the PHDs and

stabilizing Hif-a subunits, is a well-established hypoxia

mimetic. In fact, the treatment of HUVEC with DMOG

under normoxic conditions leads to stabilization of both

proteins, HIF-1a and HIF-2a. Subsequently, HIF-3a
mRNA is upregulated significantly after 24 h of DMOG

treatment and shows a similar behavior as under hypoxia,

suggesting an involvement of HIF signaling on HIF-3a
regulation (Fig. 2a, b).

To determine whether the regulation of HIF-3a depends

on the key factors of hypoxic gene regulation, HIF-1 and

HIF-2, a dominant-negative mutant of HIF-2a (HIFadn)

was adenovirally overexpressed in HUVEC. HIFadn has a

C-terminal deleted HIF-2a, which lacks the transactivation

domain, but retains the ability to form heterodimers with

HIF-1b and therefore acts as a competitive inhibitor for

both HIF-1a and HIF-2a subunits [33]. Cells expressing the

inhibitor HIFadn show a complete downregulation of

hypoxia-induced HIF-3a, whereas the normoxic expression

is not affected, suggesting that HIF-1 and/or HIF-2 is

involved in the hypoxic regulation (Fig. 2c). As a proof of

principle the expression of the well-known HIF target gene

ENO2 was measured, and similar results were obtained.

Further experiments were done with siRNA against

HIF-1a and HIF-2a to verify the HIF-dependent HIF-3a
upregulation under hypoxia (Fig. 2d–e). Therefore, siRNA

targeting HIF-1a, HIF-2a and the combination of both

was transiently transfected into HUVEC. Transfection

efficiency was estimated by in parallel transfected

Fig. 1 a Differential regulation of a-subunit mRNA in HUVEC after

24 h hypoxia. *P \ 0.05, **P \ 0.01 hypoxia versus normoxia.

b Hypoxia increases HIF-3a expression in HUVEC significantly after

8 h up to 48 h. *P \ 0.025, **P \ 0.005 hypoxia versus normoxia.

Bonferroni correction considered. c Hypoxic upregulation of HIF-3a
in HUVEC is inhibited after treatment with inhibitors of transcription

and translation. Cells were preincubated for 2.5 h with solvent

(DMSO), 0.5 lg/ml actinomycin D (ACTD) or 1 lg/ml cyclohexi-

mide (CHX) and then subjected to hypoxia for 22 h. Expression of

mRNA was analyzed by real-time RT-PCR and calculated as relative

values to normoxia (24 h). $P \ 0.01 versus DMSO/normoxia.

**P \ 0.005 versus DMSO/hypoxia, Bonferroni correction consid-

ered. Means and standard deviations are shown
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FITC-labeled siRNA and was generally about 90%. Con-

trol samples were transfected with non-specific scrambled

siRNA. Silencing of HIF-1a and HIF-2a was proven on the

mRNA and protein level. The resulting expression of

HIF-3a and the known HIF target gene ENO2 was

measured under normoxia and hypoxia (Fig. 2e). It is

shown that hypoxic ENO2 upregulation depends on HIF-1,

but not HIF-2. In contrast, HIF-3a cannot be influenced by

siHIF-1a or siHIF-2a alone. Only the combination of both

siRNA causes a slightly, but significantly decreased

Fig. 2 a, b Dimethyloxalylglycine (DMOG) caused stabilization of

HIF-1a and HIF-2a under normoxia and HIF-3a mRNA induction.

HUVECs were incubated with solvent (DMSO) or 2.5 mM DMOG

for 4 and 24 h. a DMOG causes a non-hypoxic stabilization of HIF-

1a and HIF-2a protein as detected by Western blot. b HIF-3a mRNA

is induced by DMOG comparable to hypoxia (n = 5). Expression of

HIF-3a mRNA was analyzed by real-time RT-PCR and calculated as

relative values to DMSO (24 h). **P \ 0.01 DMOG versus DMSO.

c Adenoviral overexpression of dominant-negative HIF-2a (HIFadn)

in HUVEC under normoxia/hypoxia. Cells were infected with virus

expressing lacZ (control) or HIFadn for 24 h, further incubated with

fresh medium for 24 h and exposed to normoxia/hypoxia for 24 h.

Data were calculated as relative values to hypoxia/lacZ. Hypoxic

induction of HIF-3a mRNA is inhibited under overexpressed HIFadn

(n = 14). *P \ 0.05, **P \ 0.01 versus lacZ/hypoxia. d–e Transfec-

tion of HUVEC with siRNA targeting HIF-1a and HIF-2a. A siRNA

with scrambled non-specific sequence was used in control samples.

d Silencing of HIF-1a and HIF-2a mRNA 72 h posttransfection of

respective siRNA relative to hypoxia. e Western blot detecting

HIF-1a and HIF-2a 72 h posttransfection of respective siRNA shows

clearly reduced protein levels under hypoxia. f Influence of HIF-1a
and HIF-2a inhibition on expression of HIF-3a and ENO2 under

normoxia and hypoxia (n = 4). *P \ 0.05, **P \ 0.01 versus

hypoxia without specific siRNA. Means and standard deviations are

shown
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HIF-3a expression under hypoxia. Therefore, both HIF-a
subunits are able to drive the hypoxic induction of HIF-3a
in HUVEC.

Another transcription factor often involved in hypoxia-

driven signaling is NFjB. To determine the engagement of

this factor in HIF-3a regulation, constitutive active IjBa
(IjBam) was adenovirally overexpressed (Fig. 3a–c).

IjBam acts as irreversible inhibitor of NFjB [34, 35].

Overexpression of IjBam causes a significant inhibition of

HIF-3a upregulation under hypoxia, whereas the expres-

sion of HIF-3a under normoxia is not altered, suggesting an

at least partial regulation by NFjB. Interestingly, the

mRNA expression and protein amount of HIF-1a and

HIF-2a show a tendency to decrease under IjBam over-

expression; therefore, the inhibition of HIF-3a under

hypoxia could be a secondary effect of NFjB inhibition.

Detection of the hypoxia-inducible HIF-3a isoform

As formerly mentioned the occurrence of HIF-3a is cell-

specific, and only few data exist for the identification of

distinct HIF-3a isoforms [15, 26–29], thereby the expres-

sion in vascular cells is completely unknown. At least five

human HIF-3a isoforms have been described. The isoforms

HIF-3a1, HIF-3a2 and HIF-3a3 differ only in the first

exon, resulting in proteins owning individual N-termini

(Fig. 4b). As shown in Fig. 4c, HUVEC and VSMC exhibit

a hypoxia-dependent expression of HIF-3a mRNA. In

contrast, HIF-3a is detectable, but not inducible by hypoxia

in HELA cells. To determine distinct HIF-3a isoforms and

their inducibility by hypoxia in different cell types, iso-

form-specific RT-PCR was performed. As shown in

Fig. 4d, HUVECs express all three long isoforms com-

pared to VSMC. In VSMC only HIF-3a2 and HIF-3a3 are

detectable. In contrast, HELA cells express HIF-3a1

exclusively. Semiquantitative RT-PCR was performed with

cDNA from HUVEC (Fig. 4e) and VSMC (data not

shown). Under hypoxia a significantly elevated expression

was observed only for isoform HIF-3a2. These data support

the notion of a hypoxia-non-inducible HIF-3a expression in

HELA cells. HELA cells express only HIF-3a1. Differ-

ences in induction values of total HIF-3a (Fig. 4c) and

HIF-3a2 (Fig. 4e) could be explained by using different

measurement methods. The detection of different isoforms

required a special touch-down PCR protocol. This allowed

only the detection of PCR fragments on agarose gels with

subsequent estimation of band intensities, but not a real-

time detection of PCR fragment amplification. In contrast

to real-time RT-PCR used for data of Fig. 4c, this method

is more insensitive, but the results showed the same kind of

regulation.

Determination of functional promoter elements

responsible for the hypoxia-mediated HIF-3a induction

Computational analysis of the human HIF-3a gene locus

with the Genomatix software package (Genomatix Soft-

ware, Germany) identified three potential promoter regions

(Fig. 5a). These regions were cloned into the firefly lucif-

erase reporter gene vector pGL3-basic and transiently

transfected into HUVEC. pGL3-HRE, a luciferase vector

with three consecutive conserved hypoxia response ele-

ments (HRE) from phosphoglycerate kinase gene, served

as positive control. The luciferase expression was deter-

mined under normoxic and hypoxic conditions. Only one

promoter sequence was identified to be able to drive hyp-

oxic induction of luciferase (Fig. 5b). This sequence,

labeled promoter II, encloses 1,635 bp upstream of the

transcription start point of exon 1b and could be identified

to control the expression of the isoform HIF-3a2. To

Fig. 3 Adenoviral overexpression of constitutive active IjBa
(IjBam) in HUVEC under normoxia/hypoxia. Cells were infected

with virus expressing lacZ (control) or IjBam for 24 h, further

incubated with fresh medium for 24 h and exposed to normoxia/

hypoxia for 24 h. Data were calculated as relative values to hypoxia/

lacZ. a Hypoxic expression of HIF-3a mRNA is decreased under

overexpressed IjBam. b Relative abundance of HIF-1a and HIF-2a
mRNA is decreased under overexpressed IjBam (n = 5). c Influence

of overexpressed IjBam on HIF-1a and HIF-2a protein levels

(n = 4). *P \ 0.05, **P \ 0.01 versus lacZ/hypoxia. Means and

standard deviations are shown
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precisely map the cis-acting element of HIF-3a promoter

II, successive 50- and 30-deletions of promoter sequence

were generated. HUVECs, transfected with constructs

pGL3-1635, pGL3-510 and pGL3-77, which are 50-trun-

cated promoter sequences from 1,635 to 77 bp length,

always show an intact hypoxia-inducible luciferase

expression (Fig. 6a). On the other hand, removal of the 77-

bp region in construct pGL3-1635-D82 and pGL3-510-D67

results in a complete loss of hypoxic luciferase induction,

documenting the importance of this sequence as a promoter

in hypoxia. Cotransfection of pGL3-77 with pHIFadn,

overexpressing dominant-negative HIFadn, leads to

Fig. 4 Cell-specific expression of HIF-3a. a Genomic organization

of HIF-3a gene locus on chromosome 19. b Organization of isoform-

specific mRNA for HIF-3a1, HIF-3a2 and HIF-3a3. c Variable

regulation of HIF-3a in different cell types after 24 h hypoxia.

Expression of HIF-3a mRNA was calculated as relative values to

HUVEC/normoxia. d Analysis of qualitative isoform-specific RT-

PCR products shows cell-specific expression of HIF-3a isoforms.

(M) DNA ladder. e Estimation of hypoxia-modulated HIF-3a

isoform. HUVECs were incubated under normoxic or hypoxic

conditions for 24 h; HIF-3a isoforms were detected by isoform-

specific RT-PCR and evaluated by agarose gel electrophoresis.

Calculation of relative HIF-3a signal intensities was carried out

with the in parallel measured housekeeping gene HPRT1 (n = 6).

Expression of mRNA was calculated as relative values to normoxia.

**P \ 0.01 hypoxia versus normoxia. Means and standard deviations

are shown

Fig. 5 Detection of hypoxia-

inducible HIF-3a promoter.

a Putative promoter sequences

upstream of exon 1a, exon 1b

and exon 1c were cloned into

pGL3-basic encoding firefly

luciferase. b Luciferase activity

of transfected HUVEC under

normoxic and hypoxic

conditions. pGL3-3HRE

expressing firefly luciferase

under control of three

consecutive hypoxia response

elements is used as positive

control. Promoter activities are

calculated as quotient of firefly

luciferase and renilla luciferase

luminescence levels relative to

pGL3-basic (n C 4).

*P \ 0.025, **P \ 0.005

hypoxia versus normoxia,

Bonferroni correction (k = 2)

considered. TS transcription

start. Means and standard

deviations are shown
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significant loss of promoter activity, underlining the

necessity of HIF signaling for luciferase expression

(Fig. 6b). To further characterize the 77-bp region, addi-

tional deletion constructs were generated. Measurement of

luciferase expression shows that hypoxic response is still

present in a 31-bp subfragment (Fig. 6c). Searches for

transcription factor binding sites with various algorithms

(Genomatix, TESS and PROMO) were performed. Sur-

prisingly, the fragment does not contain a conserved, but

only a degenerated HRE with two sequence mismatches.

Furthermore, potential binding sites for Ets and AP-1

transcription factors were detected (Fig. 6d). Point

mutations in either the Ets (pGL3-31m1) or the AP-1

(pGL3-31m2) core sequence and single base deletions

Fig. 6 Identification of

functional transcription factor

binding sites of HIF-3a
promoter II. Sequences

corresponding to specific

promoter fragments were cloned

into pGL3-basic and transfected

into HUVEC. Promoter

activities are calculated as

quotient of firefly luciferase and

renilla luciferase luminescence

levels relative to pGL3-basic.

a Successive deletions of

HIF-3a promoter II (n C 3).

b Contribution of HIF pathway

to promoter activity of the 77-bp

element. pHIFadn or pshuttle

(control) were co-transfected

with pGL3-77 into HUVEC

(n = 7). c Deletions of 77-bp

promoter fragment (n C 3).

d Sequence of 31-bp promoter

element with labeled potential

transcription factor binding

sites. HREd, degenerated HRE;

e mutations and deletions of the

31-bp sequence in the potential

Ets and AP-1 recognition sites

revealed inhibition of luciferase

expression to basic level

(n C 3). *P \ 0.025,

**P \ 0.005 hypoxia versus

normoxia, Bonferroni correction

(k = 2) considered. Means and

standard deviations are shown
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(pGL3-31d1, pGL3-31d2) were generated. The analysis of

luciferase expression shows abolished promoter activities

for all of these constructs, leading to the conclusion that

both transcription factors could be involved in HIF-3a
regulation (Fig. 6e).

To verify whether the degenerated HRE has the ability

to bind HIF-1, an ELISA-based HIF-1 DNA binding assay

(TransAMTM HIF-1, Active Motif, Belgium) was per-

formed (Fig. 7a). Using nuclear extracts from HUVEC

treated with normoxia/hypoxia, a significant induction of

HIF-1 activity under hypoxia is shown. Applying the 31-bp

promoter element as competitor, HIF-1 DNA binding

activity is only slightly decreased. In contrast, competitor

with a conserved HRE from phosphoglycerate kinase

promoter causes a nearly complete inhibition of HIF-1

DNA binding. Concluding from this experiment, HIF-1

does not effectively bind the 31-bp fragment, and the

degenerated HRE is in all likelihood not responsible for

direct promoter activation.

For the estimation of the involvement of AP-1 family

members in hypoxic regulation, nuclear protein extracts of

normoxic and hypoxic HUVEC were analyzed for activity

of c-Jun, JunB, JunD, FosB, c-Fos, Fra-1 and Fra-2 with the

TransAMTM AP-1 family transcription factor assay kit

(Active Motif, Belgium). As shown in Fig. 7b, all tran-

scription factors except for c-Fos are detectable, but neither

of them shows a hypoxia-dependent regulation after 24 h

hypoxia. Using the 31-bp fragment as competitor results in

a partial, but significant decrease of DNA-binding activity.

Competition with oligo 31m1, which is mutated in the Ets,

but not in the AP-1 site, shows the same result. In contrast,

applying oligo 31m2 with a mutated AP-1 recognition

sequence fails in competition with the assay-delivered

oligo. The results suggest that members of the AP-1 family

could bind to the 31-bp promoter key element, but in

consequence of the missing hypoxia responsiveness of

measured AP-1 proteins, the specific mechanism of HIF-3a
induction remains unclear.

Overexpression of HIF-3a isoforms

Overexpression of HIF-3a isoforms was performed to

verify the functionality as negative modulators of the HIF-

signaling pathway in HUVEC and VSMC (Fig. 8). Aden-

oviral overexpression of isoforms HIF-3a2 and HIF-3a3,

found to be expressed in HUVEC and VSMC (Fig. 8a),

was performed, and the expression of known HIF-regulated

genes (VEGFA, ENO2) was measured under normoxic and

hypoxic conditions. As shown in Fig. 8b and c, normoxic

expression of HIF-target genes is not altered by HIF-3a
overexpression. In contrast, overexpression of both HIF-3a
isoforms under hypoxia causes a significant reduction of

hypoxia-induced VEGFA and ENO2 expression. This

finding indicates that both Hif-3a isoforms are able to

operate as antagonists of the HIF-pathway in human vas-

cular cells. Only one exception to this principle could be

detected: overexpression of HIF-3a2 in HUVECs revealed

increased ENO2 expression under normoxia und only

slightly decreased levels of ENO2 under hypoxia.

Inhibition of HIF-3a in endothelial cells by shRNA

To support the finding of an inhibitory function of HIF-3a
in endothelial cells, the endogenously expressed HIF-3a
was silenced by adenovirally expressed small hairpin RNA

(shRNA). Various shRNAs were tested for their ability to

knock down HIF-3a in endothelial cells. One of the shRNAs

(target sequence from 1,083 to 1,103 of NM_022462),

Fig. 7 TransAMTM DNA binding assay. Binding activities were

calculated as relative values to hypoxia. a HUVECs were cultivated

under normoxia and hypoxia for 4 and 24 h, nuclear protein extracts

were isolated, and HIF-1 DNA binding activity was measured. Data

were shown as values relative to hypoxia. For competitive binding

experiments oligo 31 and oligo HRE were applied. b HUVECs were

cultivated under normoxia and hypoxia for 24 h, nuclear protein

extracts were isolated, and AP-1 family DNA binding activity was

measured. For competitive binding experiments oligo 31, oligo 31m1

and oligo 31m2 were applied. *P \ 0.05, **P \ 0.01 versus hypoxia.

Means and standard deviations are shown
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targeting all long HIF-3a isoforms, showed a knock-down

of HIF-3a mRNA to about 25% (Fig. 9a) and was used

for further experiments. Subsequently the expression of

HIF-target genes VEGFA and ENO2 was measured under

normoxic and hypoxic conditions (Fig. 9b). The graph

shows elevated expressions of the HIF target VEGFA,

supporting the inhibitory function of HIF-3a. Interestingly,

ENO2 is slightly but not significantly induced.

Discussion

The expression and regulation of human HIF-3a in vascular

cells is characterized for the first time in this article. The

salient finding of this study is the characterization of an

autoregulatory function of HIF-3a2 via a hypoxia-depen-

dent process.

HIF-3a was detected in various, especially strongly

vascularized tissues such as heart, lung and kidney [21, 23,

24, 36], but the contribution of distinct cell types to the

measured overall HIF-3a expression is poorly character-

ized. A more comprehensive analysis exists only for mice

HIF-3a. Yamashita et al. [36] addressed the effects of

mouse NEPAS/HIF-3a disruption to endothelial cells of

vessels and capillaries in alveoli of lung and alveolar epi-

thelium. In contrast, in human tissues the characterization

of HIF-3a shows only a few details [25]. A helpful tool for

the association of HIF-3a expression to different human

tissues is the analysis of EST counts, showing HIF-3a
expression in tissues such as heart, placenta or lung.

Nevertheless, the in silico analysis of tissue distribution

gives no hint of specific cell types engaged in HIF-3a
expression. The present study revealed for the first time

that HIF-3a is expressed in human endothelial cells (EC) as

well as vascular smooth muscle cells (VSMC), indicating

the important role of vascular cells for a response to

changed oxygen levels.

EC and VSMC exhibit a significant, hypoxia-mediated

upregulation of HIF-3a mRNA (Fig. 1). Using HUVEC as

a model, the regulation of this induction was examined in

more detail. In agreement with other authors [29, 37], the

present study found a HIF-dependent upregulation of HIF-

3a using a dominant-negative HIF-2a mutant (HIFadn) to

block the HIF-pathway (Fig. 2c). In addition, activation of

the HIF-pathway by normoxic stabilization of a-subunits

with the PHD inhibitor DMOG causes a normoxic stabil-

ization of HIF-1a and HIF-2a and subsequently increased

HIF-3a mRNA levels in the same time frame compared to

hypoxia (Fig. 2b). Additionally, the silencing of both

a-subunits, HIF-1a and HIF-2a, results in decreased HIF-3a
levels (Fig. 2f). The discrepancy between the complete

Fig. 8 Confirmation of inhibitory behavior of overexpressed

HIF-3a2 and HIF-3a3 on expression of HIF target genes VEGFA

and ENO2 in HUVEC (b) and VSMC (c). Cells were infected with

adenovirus overexpressing lacZ (control), HIF-3a2 or HIF-3a3, and

subsequently exposed to normoxia/hypoxia for 24 h. a Overexpression

of HIF-3a isoforms in HUVEC was measured by real-time RT-PCR

and Western blot. b, c Expression of VEGFA and ENO2 mRNA was

analyzed by real-time RT-PCR and calculated as relative values to

hypoxia/lacZ. *P \ 0.05, **P \ 0.01 versus hypoxia/lacZ. Means

and standard deviations are shown
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inhibition of HIF-3a to normoxic levels by HIFadn and the

only partial inhibition by siRNA might be explainable by a

different mechanism of action. The siRNA reduces abso-

lute mRNA and protein levels, but it is not definitely a

complete inhibition. In contrast, the overexpression of

HIFadn with an adenovirus has two effects: the transfection

efficiency is nearly 100%, and HIFadn blocks the HIF

signaling on functional level.

Nevertheless, the hypoxic induction of HIF-3a could not

depend on HIF-pathway alone. As mentioned before, the

expression of HIF-3a is restricted to certain cell types:

macrophages do not express HIF-3a, and HELA cells show

only low level HIF-3a mRNA without hypoxic upregula-

tion, although both cell types express HIF-1a and HIF-2a
in high amounts. It seems that additional cell-specific

factors play a role in HIF-3a regulation. As shown in

Fig. 3a-c, the inhibition of another transcription factor,

NFjB, leads to a partial downregulation of hypoxia-

dependent HIF-3a induction. Significantly decreased

mRNA levels of HIF-1a and -2a and slightly reduced HIF-

1a and HIF-2a protein amounts during hypoxia were

observed under NFjB repression. As recently published,

NFjB is able to regulate basal HIF-1a expression, and

complete inhibition of NFjB impairs hypoxia-induced

HIF-1a levels [38–40]. Additionally, the inhibition of

PHD-1 by hypoxia, DMOG or siRNA leads to an activation

of NFjB. This activation is independent of the known

stabilization of HIF-a subunits [41]. Therefore, it is con-

ceivable that more than one factor may contribute to the

HIF-3a induction in HUVEC. Hypoxia-induced PHD

inhibition represents the first step on this path. On the one

hand HIF-1a and HIF-2a are stabilized leading to increased

HIF-3a expression; on the other hand NFjB is activated

and in turn able to induce HIF-1 activity. NFjB, however,

also could activate transcription factors other than HIF-1, at

last responding with upregulation of HIF-3a under

hypoxia.

The expression and regulation of distinct human HIF-3a
isoforms in vascular cells were completely unknown until

now. The characterization of the long isoforms HIF-3a1,

HIF-3a2 and HIF-3a3 was performed in HUVEC, VSMC

and compared to HELA cells (Fig. 4). It shows, that dif-

ferent isoforms contribute to the basic HIF-3a mRNA

expression in HUVEC and VSMC, but only HIF-3a2 is

inducible by hypoxia. In the following, these results were

verified by analysis of the hypoxia-responsible promoter

elements of human HIF-3a (Fig. 5). Makino et al. [37]

showed that only one promoter of mouse HIF-3a gene

locus is susceptible to hypoxia: IPAS, but not HIF-3a is

upregulated under hypoxia. Furthermore, the recently

discovered HIF-3a isoform NEPAS contains the same first

exon as IPAS and undergoes a similar hypoxic upregula-

tion [36]. Analogous to our results, Tanaka et al. recently

identified one human isoform, HIF-3a2, which is hypoxia-

inducible. Analysis of the responsible HIF-3a promoter in

Hep3B cells revealed a functional hypoxia response ele-

ment, which is bound by HIF-1 [29]. This HRE is also

present in our promoter sequence of HIF-3a2 (pGL3-

1635) at position -1,133 to -1,137. Interestingly, this

potential HRE is not functional for hypoxic upregulation

of HIF-3a2 in our cell model. This is documented by the

fact that deletion of this element in construct pGL3-510

does not abolish hypoxic luciferase expression (Fig. 6a).

Nevertheless, subcloning of fragments from HIF-3a2

promoter shows another sequence of 77 bp, which medi-

ates hypoxic induction in HUVEC. In agreement with data

for overexpression of HIFadn (Fig. 2c), the hypoxic

induction of reporter gene expression under control of this

77-bp sequence depends on HIF-signaling (Fig. 6b). Fur-

ther deletions of this fragment reveal a 31-bp stretch,

Fig. 9 Adenoviral expression of shRNA targeting HIF-3a in

HUVEC. Cells were infected with adenovirus expressing shscr

(scrambled control shRNA) or shHIF-3a for 48 h and subsequently

exposed to normoxia/hypoxia for 24 h. a Expression of HIF-a
subunits was measured by real-time RT-PCR calculated as relative

values to hypoxia/lacZ. b Expression of ENO2 and VEGFA mRNA

was analyzed by real-time RT-PCR and calculated as relative values

to hypoxia/lacZ. *P \ 0.05, **P \ 0.01 versus hypoxia/shscr.
$P \ 0.05 vs.normoxia/shscr. Means and standard deviations are

shown
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which is still responsive to hypoxia. Sequence analysis

with different databases detecting potential transcription

factor binding sites identified conserved motifs for Ets and

AP-1 factors, but not for HIF-1/HIF-2. In comparison, the

mouse IPAS promoter permits a direct interaction of HIF-1

with an HRE-like motif (50-GGGTG-30)[37]. This motif

does not represent a perfect match to the HRE consensus

sequence; therefore the 31-bp fragment was analyzed for

a degenerated HRE, which is indeed located within this

region. This sequence (50-CTGTG-30) differs in two bases

from conventional core sequence 50-RCGTG-30. A dele-

tion of the G at the third position abrogates luciferase

expression (pGL3-31d1, Fig. 6e), strongly suggesting a

pivotal role of this element in the hypoxic response of the

HIF-3a promoter. In contrast, the investigation of pub-

lished HIF-1/HIF-2 binding sequences of human, mouse

and rat promoters (BIOBASE Knowledge Library and

Transfac database) shows that beside the strictly con-

served bases on position 3–5, also the first and second

position are highly conserved [42]. Only 2 out of 70

hypoxia response elements vary at the second position;

one of them is the previously described element of mouse

IPAS promoter [37]. Additionally, none of the HRE

shows two exceptions from the consensus, which leads to

the conclusion that the degenerated HRE of the 31-bp

fragment may not be functional. Nevertheless, to test this

hypothesis the binding activity of HIF-1 to a conserved

and to the degenerated HRE was determined (Fig. 7). It

was shown that HIF-1 does not effectively bind to the 31-

bp sequence. This result opened the question of whether

other transcription factors may be involved in the hypoxic

regulation of HIF-3a.

As mentioned above, two other potential transcription

factor binding sites were identified in the HIF-3a promoter

element, i.e., AP-1 and Ets (Fig. 6d). The AP-1 family is a

prominent representative of transcription factors contrib-

uting to hypoxic signaling. Activation of AP-1 has been

reported for a wide variety of cell lines and primary cell

cultures [43–49]. Furthermore, the Ets family has been

described as participating in hypoxic signaling and plays an

important role in the association with HIF-2 target gene

selection [50–55]. The mutation of core nucleotides of

either the AP-1 or Ets recognition sequence completely

abrogated promoter activation (Fig. 6e), suggesting that

both transcription factors may be involved in HIF-3a reg-

ulation. As shown in Fig. 7, the 31-bp promoter fragment is

able to compete partially with a consensus AP-1 motif for

AP-1 transcription factors; a 31-bp sequence with a

mutated AP-1 site is not able to mediate this effect. Nev-

ertheless, none of the AP-1 proteins analyzed seems to be

activated by hypoxia under conditions used in the present

model. These data clearly suggest that AP-1 alone does not

suffer for HIF-3a modulation.

Taken together, the regulation of HIF-3a was shown to

be cell-specific, and the data indicate that transcription

factors in addition to HIF-1/-2 are engaged in the hypoxia-

mediated regulation of HIF-3a in HUVEC: (1) Highly

expressed and in hypoxia stabilized HIF-1a and HIF-2a, as

detected in HUVEC and in VSMC, but also in macro-

phages and in HELA cells (data not shown), are not

sufficient for HIF-3a regulation. These conclusions are

based on the finding that no relevant amounts of HIF-3a
mRNA in macrophages were detected. This holds true for

normoxic and hypoxic conditions. Furthermore, we could

not find a hypoxic upregulation of HIF-3a in HELA cells.

(2) Promoter analysis in HUVEC failed to detect of a

functional HIF binding site, but revealed other motifs,

potentially involved in HIF-3a regulation. Summarizing

these data of the promoter analysis, it is shown that

increased HIF-3a2 expression under hypoxia depends on

HIF-signaling, but in contrast to mouse IPAS/NEPAS,

HIF-1 could not bind directly to the HIF-3a2 promoter in

endothelial cells. Therefore HIF-1/HIF-2 is hypothesized to

be involved in other ways, which might be the transcrip-

tional induction of other transcription factors or the

interaction of HIF-1/HIF-2 with other factors. Whether

these are cell-specific and independent from hypoxia

remains to be elucidated.

For the first time, this study estimates the function of

HIF-3a in primary EC and VSMC by overexpression of the

endogenously found long isoforms HIF-3a2 and HIF-3a3.

Compared to HIF-3a3, the inclusion of exon 1b in HIF-3a2

causes a shift of the translation start point to exon 2 and

leads to a deletion of the bHLH DNA binding region. This

allows the elucidation of whether the truncation of the

bHLH domain causes a modification of HIF-3a function.

As a functional read-out the expression of the typical HIF

target genes VEGFA and ENO2 was used (Fig. 8b, c).

These experiments revealed that both HIF-3a isoforms act

as negative regulators of HIF signaling. It is noticeable that

binding to the HRE mediated by the bHLH domain is not

crucial for the negative effect of HIF-3a in vascular smooth

muscle cells. The specific effect of HIF-3a2 in HUVEC

with increasing ENO2 levels under normoxia and only

slightly decreased levels under hypoxia needs further elu-

cidation. HIF-3a isoforms are described as dimerizing with

HIF-1b, but also with HIF-1a or HIF-2a [22, 26, 27]. Until

now the binding partners of specific HIF-3a isoforms in

specific cells have been largely unknown. ENO2 is pre-

dominantly regulated by HIF-1 and not HIF-2 (Fig. 2e).

Possibly HIF-3a2 has a higher affinity to HIF-2a than to

HIF-1a or HIF-1b in HUVEC. Interestingly, after inhibi-

tion of HIF-3a by shRNA expression the ENO2 expression

under hypoxia in HUVEC shows in turn no significant

increase (Fig. 9b). Because only HIF-3a2 expression

depends on hypoxia in HUVEC and this isoform does not
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effectively decrease the expression of ENO2 as shown by

overexpression, we would speculate that ENO2 regulation

in HUVEC is largely non-influenceable by HIF-3a2.

Nevertheless, targeting HIF-3a with shRNA in HUVEC

causes an increase of VEGFA expression, supporting the

inhibitory behavior of HIF-3a on HIF signaling (Fig. 9b).

In summary, these data show that HIF-3a2 is the only

long isoform that is induced by hypoxia in vascular cells.

In comparison to recently published data [29], the novel

finding is an alternative regulation of HIF-3a2. This reg-

ulation seems specific for endothelial cells and is mediated

by more than one transcription factor involving HIF and

NFjB. Also members of the AP-1 family may be

involved. Finally, this study proves that HIF-3a2 and HIF-

3a3 are negative regulators able to abolish an overactiva-

tion of the HIF pathway. This finding underlines the

mechanisms of a multiple-level controlled HIF-signaling

in vascular cells under low oxygen tensions. The patho-

physiological impact of this newly characterized

mechanism in processes such as atherosclerosis or angio-

genesis remains to be elucidated.
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