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Regulation of vascular endothelial growth factor (VEGF)
expression is a complex process involving a plethora of
transcriptional regulators. The AP-1 transcription factor is
considered as facilitator of hypoxia-induced VEGF expres-
sion through interaction with hypoxia-inducible factor
(HIF) which plays a major role in mediating the cellular
hypoxia response. As yet, both the decisive AP-1 subunit
leading to VEGF induction and the molecular mechanism
by which this subunit is activated have not been deci-
phered. Here, we demonstrate that the AP-1 subunit junB
is a target gene of hypoxia-induced signaling via NF-kB.
Loss of JunB in various cell types results in severely
impaired hypoxia-induced VEGF expression, although
HIF is present and becomes stabilized. Thus, we identify
JunB as a critical independent regulator of VEGF trans-
cription and provide a mechanistic explanation for the
inherent vascular phenotypes seen in JunB-deficient
embryos, ex vivo allantois explants and in vitro differen-
tiated embryoid bodies. In support of these findings, tumor
angiogenesis was impaired in junB~/~ teratocarcinomas
because of severely impaired paracrine-acting VEGF
and the subsequent inability to efficiently recruit host-
derived vessels.
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Introduction

The cardiovascular system is the first organ formed in the
gastrulating embryo (Weinstein, 1999). The initiation of
blood vessel formation requires basic fibroblast growth factor
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as well as the paracrine-acting vascular endothelial growth
factor (VEGF) (Risau and Flamme, 1995). Mice lacking a
single copy of the VEGF gene die in utero, indicating that
tightly controlled VEGF levels are necessary to maintain
blood vessel integrity (Carmeliet et al, 1996; Ferrara et al,
1996). VEGF and its two receptors (flt-1 and flk-1) are key
regulators of vasculogenesis and angiogenesis, as loss of any
of these molecules severely affects vascular development
(Carmeliet, 2000). VEGF promotes embryonic development,
is important in wound healing and is the key regulator of
angiogenesis in cancer. VEGF expression is induced by growth
factors, oncogenes and hypoxia. Cellular adaptations to hy-
poxia include the induction of genes implicated in glucose
transport and metabolism, and in mammalian oxygen home-
ostasis, such as erythropoietin and VEGF (Bunn and Poyton,
1996). Key regulators of VEGF expression in response to
hypoxia have been identified as members of the helix-
loop-helix-PAS family of transcription factors called hypox-
ia-inducible factor (HIF). Yet, HIF appears not to be sufficient
to induce maximal levels of VEGF upon hypoxia. In addition
to HIF, multiple transcription factor-binding sites for AP-1,
Sp1l, NF-kB and CREB have been identified within the VEGF
promoter (Pages and Pouyssegur, 2005). Despite numerous
reports, the requirement of AP-1 in VEGF regulation is not
resolved conclusively with regard to the contribution of the
individual AP-1 subunits. Similarly, the mechanism by which
the decisive AP-1 subunits are activated in response to
hypoxia remains to be fully elucidated. The AP-1 family is
composed of dimeric protein complexes formed by products
of the jun, fos and ATF gene families (Shaulian and Karin,
2002; Eferl and Wagner, 2003; Hess et al, 2004) and is a major
nuclear target of mitogen and stress-induced signal transduc-
tion cascades. Intensive investigation of AP-1 function in
tissue culture cells and in vivo by targeted inactivation of
individual members led to the well-accepted perception that
the individual AP-1 subunits may have independent func-
tions as tissue-specific and signal-specific activators of AP-1-
dependent genetic programs (Jochum et al, 2001; Eferl and
Wagner, 2003; Hess et al, 2004). Furthermore, recent work
supports the common assumption that alterations in the ratio
of the two subunits c-Jun and JunB may be indicative for
either cell proliferation or differentiation (Bakiri et al, 2000;
Szabowski et al, 2000; Andrecht et al, 2002). Despite the
widespread expression pattern of Jun members, only the loss
of JunB affects vascular development in vivo (Schorpp-
Kistner et al, 1999).

Here, we report on the molecular mechanism responsible
for this critical role of JunB in vascular development and
tumor angiogenesis. JunB is a hypoxia-responsive transcrip-
tion factor that acts independently of HIF but is activated
by hypoxia-induced NF-xB. Moreover, JunB is essential for
maximal transcriptional induction of VEGF. The absolute
requirement of JunB for VEGF expression and thus for
angiogenesis could be confirmed in a murine in vivo tumor
angiogenesis model. In line with the critical role of VEGF in
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tumor angiogenesis, teratocarcinomas with junB~/~ genotype
display a growth-retarded phenotype owing to strongly
diminished VEGF expression in JunB-deficient tumor cells
and concomitant impaired angiogenesis.

Results

Vascular failure in junB~/~ embryoid bodies due to
limiting amounts of VEGF

Mouse embryos lacking JunB display a placentation defect in
concert with impaired angiogenesis of the yolk sac owing to a
failure in remodeling the primary vascular plexus to a highly
organized vascular network (Schorpp-Kistner et al, 1999).
The use of in vitro systems to study blood vessel formation,
such as allantois explants and differentiation of junB~~ ES
cells towards embryoid bodies (EBs), revealed that in both
systems junB/~ cells failed to develop a hierarchically
organized vascular plexus (Figure 1A). Thus, the vascular
defect observed in the junB~/~ yolk sacs (Schorpp-Kistner
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et al, 1999) is inherent to junB~/~ EBs and allantois explants.
Based on previous reports that VEGF is a downstream target
of AP-1 (Damert et al, 1997; Bobrovnikova-Marjon et al,
2004; Pages and Pouyssegur, 2005), we aimed to rescue the
phenotype of junB~~ EBs by ectopic application of recombi-
nant human VEGF (Figure 1B). CD31 expression pattern was
used as criteria to stage vascular development and to classify
vascular phenotypes as reported (Vittet et al, 1997). Of the
examined wild-type EBs, 28 and 41 % displayed an organized
vascular plexus with well-defined cord-like vascular struc-
tures on days 10 and 11 of differentiation, respectively and
those percentages reflect the usual range achieved under
optimal conditions (Vittet et al, 1997). In contrast, junB /"
EBs showed marked defects, as on day 10 only 3% of the
differentiated junB~/~ EBs were able to form organized
vascular structures. This percentage increased up to 8% on
day 11 but was still significantly reduced (three-fold) in
comparison to the wild-type EBs. Addition of VEGF to the
culture medium of differentiating junB~~ ES cells resulted in
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Figure 1 Inherent vascular defects in junB ™/~ tissues due to impaired VEGF expression. (A) Analyses of vascular network formation of wild-
type and junB~/~ yolk sacs (E 9.5), differentiated EBs (day 11) and allantois explants (40h) from early headfold-stage embryos by
B-galactosidase staining for yolk sacs and allantois explants or whole mount immunohiostochemical staining for CD31. Size bar corresponds
to 120 um for the yolk sacs, 70 um for EBs and 40 um or 16 um for wild-type and junB~/~ allantois explants, respectively. (B) Ectopic VEGF can
rescue the phenotype of junB~/~ EBs. Top, black and white photographs of CD31-stained EBs derived from wild-type or junB~~ ES cells
differentiated for 11 days. Every second day, 50 ng/ml recombinant human VEGF had been added to the cultures. Size bar corresponds to
40 pm. Bottom, quantification of EBs differentiated for 10 and 11 days. EBs that display an elaborate organized vascularization according to the
criteria of Vittet et al (1997) were counted. Error bars represent s.d. values of at least 30 different EBs analyzed for each time point. P=0.022
(d10) or P=10.021 (d11) versus wild type. (C) Quantitative RT-PCR analysis of junB mRNA from wild-type ES cells and MEFs and End cells. ES
cells were treated with 75uM CoCl,, and MEFs and End cells were incubated under hypoxic conditions (Hx, 1.5% O,) for the indicated time
points; before hypoxia induction, MEFs were starved for 36 h (0.5% FCS). Relative gene expression is given; expression of normoxic wild-type
cells was set to 1. (D) Quantitative RT-PCR analysis of VEGF mRNA from wild-type and junB~~ ES cells; MEFs and End cells treated as
described in (C). Enhanced VEGF transcript levels in hypoxic cells (black bars) are indicated as fold difference compared to the expression in
normoxic wild-type cells (white bars), which was set to 1. Error bars in (C) and (D) show s.e.m. values of at least three independent
experiments with P=0.0289 (End cells) or P=0.0005 (ES cells), P=0.0448 (MEFs) for junB~/~ versus wild-type cells.
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a highly organized network of capillary-like structures that
resembled the one of wild-type EBs (Figure 1B). Thus, ectopic
application of VEGF rescued the JunB phenotype with regard
to the formation of an organized vascular plexus.

JunB is induced in response to hypoxia and is required
for VEGF expression
As VEGF levels apparently represent the limiting factor
responsible for the observed phenotype, we next asked
whether JunB is directly involved in the VEGF response to
hypoxia. To address this question, we analyzed different
junB~/~ cell types, that is, ES cells, mouse embryonic fibro-
blasts (MEFs) and endothelioma cells (End cells) cultured
under hypoxic conditions. Measuring mRNA levels by quan-
titative RT-PCR revealed that under hypoxic conditions junB
transcription was rapidly induced in ES cells, MEFs and End
cells (Figure 1C). Maximal levels of junB mRNA were reached
in ES and End cells at 16h and in wild-type MEFs at 0.5h
under hypoxic conditions (Figure 1C), and correlate with or
precede VEGF induction with maximal levels at 16 h in wild-
type ES cells and End cells or, at 4 h in MEFs, (Figure 1D, wt).
Whereas in serum-starved MEFs, basal expression of VEGF
was already reduced to 23-33%, hypoxia-induced VEGF
mRNA levels were severely impaired in the absence of JunB
in all cell types analyzed (Figure 1D, junB /") from approxi-
mately 562-fold in ES cells, 2.6-fold in MEFs and 12.7-fold in
End cells to no induction (ES cells and MEFs) or only a 4.1-
fold induction (End cells) in JunB-deficient cells (Figure 1D).
Moreover, in serum-starved MEFs, VEGF regulation upon
mitogenic stimulation, represented by treatment with the
phorbol ester TPA, also depends strictly on JunB. Whereas
basal VEGF mRNA was barely detectable, VEGF expression
levels reached upon TPA induction were strongly diminished
in junB~/~ MEFs (Supplementary Figure S1). Thus, in MEFs,
JunB is essential for basal and for maximal mitogen- and
hypoxia-induced VEGF transcription.

HIF-independent hypoxia response of JunB

As HIF plays a major role in hypoxia-induced transcriptional
activation of VEGF and as AP-1, in particular the subunits
c-Jun and c-Fos has been proposed to cooperate with HIF,
it was necessary to study whether loss of JunB affects the
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expression and/or stabilization of these regulators. Thus, we
analyzed JunB-deficient MEFs for expression of AP-1 and HIF
subunits under hypoxia. Importantly, loss of JunB did not
cause a reduction in expression of c-Jun, phosphorylated c-
Jun and c-Fos (Figure 2A). Similarly, ablation of JunB did
neither affect stabilization of HIF-1a in the presence of the
hypoxia-mimicking agent CoCl, nor alter expression levels
of the HIF subunits HIF-13/ARNT and HIF-2a (Figure 2B)
known to be constitutively upregulated but transcriptionally
inactive in MEFs (Park et al, 2003). As expression or activa-
tion and stabilization of these well-known VEGF regulators
were not altered, JunB may act independent of HIF and may
be directly implicated in the transcriptional control of VEGF.

To determine whether junB is a target of HIF, we analyzed
HIF-1a-deficient MEFs for JunB expression. Yet, hypoxia-
dependent JunB induction was not impaired in HIF-1o-defi-
cient cells excluding a role for HIF in hypoxia-dependent junB
regulation (Figure 2C).

Hypoxia-mediated induction of junB via NF-xB

A wide variety of stimuli can induce transcriptional upregu-
lation of junB, which is, like all AP-1 members, a preferred
downstream target of mitogen-activated protein kinase
(MAPK) signaling cascades. MAP kinases have indeed been
reported as transducers of hypoxic signaling although the
oxygen-sensing mechanism upstream of MAPK signaling
cascades remains unclear (Minet et al, 2001a,b). However,
we could exclude an involvement of MAP kinase signaling as
it was absent or occurred only at a later time point when
transcriptional activation of junB by hypoxia was already
completed (Supplementary Figure S2). As the transcription
factor NF-xB has been shown to activate junB expression in
response to LPS in B cells (Brown et al, 1995; Krappmann
et al, 2004) and has been reported as hypoxia-mediating
transcription factor (Faller, 1999; Harris, 2002), the involve-
ment of NF-xB was investigated. First, we determined NF-«B
translocation to the nucleus in response to hypoxia. Indeed,
within 20min under hypoxic conditions, NF-kB becomes
translocated to the nucleus of wild-type and also HIF-1a-
deficient MEFs (Figure 3A) where it is able to transactivate
potential target genes. Moreover, a transiently cotransfected
reporter gene flanked by junB regulatory sequences is
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Figure 2 Hx responses of c-Fos, c-Jun and HIF are not affected in JunB-deficient MEFs, and the JunB induction is independent of HIF.
(A-C) Immunoblotting was performed for the various proteins as indicated on the left of each panel. Fifty micrograms of nuclear extracts for
AP-1 members or total extract for HIF members, respectively, was used, which were isolated from wild-type and junB~/~ MEFs kept under
hypoxia mimicked by treatment with 100 pM CoCl, for the indicated time points. RCC1 or HSC70 served as a control for equal quality and

loading of nuclear extracts or total extracts, respectively.

VOL 26 | NO 3 | 2007

©2007 European Molecular Biology Organization



Role for NF-kB-induced JunB in VEGF regulation
D Schmidt et a/

A wt HIF-10-/- B
10 [C] pcDNA3.1
5 8 W CMV-p65
S 6
k=
£
=
e 2
0
junB-wt  junB-mNF-xB
c D _wt AN+
wt AN+ CoClpb 0 4 0 4(h
Hx 005124 00512 4(h)
.JunB»I
. HIF-1
E Hypoxia F Forskolin
wt AN+ junB VEGF
Hx 0 14 01 4(h) § s{Hlw c 1Ewt
2 {0aN+ 2 12]0 AN+
S 4 5 8
— -
28S [} ]
1o [N © o £
0 1 4 (h) 0 1 4 (h)

Figure 3 junB induction is achieved via NF-xB and is independent of HIF. (A) NF-«B is rapidly translocated to the nucleus in response to

hypoxia. Immunofluorescence staining for p65 on wild-type (wt) or HIF-1o.™/~

MEFs kept under normoxic (Nx) or hypoxic conditions (Hx,

1.5% O,) for 20 min. White arrows (Hx) depict NF-kB-positive nuclei. Size bar, 25 and 12.5 um for wt and HIF-1a. /" cells, respectively. (B) F9
cells were cotransfected with junB reporter constructs, junB-wt and junB-mNF-kB, and p65 expression vector (CMV-p65, black bars) or control
vector (pGL3, white bars). Promoter activity 16 h post-transfection is shown in relation to the luciferase activity of the vector control, which
was set to 1. A cotransfected Renilla luciferase reference gene was used for normalization. Error bars of at least three independent experiments
show s.d. values. *P=0.0028 for mutant versus junB-wt. (C) Protein levels of JunB in wild-type or AN+ cells kept under hypoxia for the
indicated time points were determined by immunoblot analysis using 50 pg of nuclear extract. Two different exposures (low and high) are given
to show basal as well as induced JunB levels. RCC1 served as a control for equal quality and loading. Hx, hypoxia. (D) HIF protein levels are not
affected by loss of NF-kB. Immunoblotting was performed for HIF-1a, HIF-1B and HIF-2a by using 50 pg of total protein from wild-type and
AN + MEFs kept under hypoxia mimicked by treatment with 100 uM CoCl, for the indicated time points. HSC70 served as a control for equal
quality and loading of extracts. (E) Hx-mediated junB and VEGF induction is strongly diminished in fibroblasts with repressed NF-«B activity
(AN +). Northern blot analyses of wild-type MEFs or cells with suppressed NF-«B activity exposed to hypoxia (Hx). Ethidium bromide-stained
agarose gel is shown as loading control. (F) junB and VEGF can be induced by Forskolin despite the absence of NF-kB. Quantitative RT-PCR
analyses of wild-type MEFs or cells with suppressed NF-kB activity treated with 10 uM Forskolin for the indicated time points were performed

using specific primers for junB or VEGF.

strongly transactivated in the presence of coexpressed p6S5,
which is abolished upon mutation of four putative NF-xB-
binding sites in the junB 3’ flanking sequences of the reporter
(Figure 3B). Finally, we analyzed MEFs overexpressing
a transdominant negative IkBoa mutant protein, a so-called
super-repressor that impairs NF-kB activation (Schmidt-
Ullrich et al, 2001) and its subsequent translocation to the
nucleus. In these cells, hypoxia-dependent induction of JunB
protein and its mRNA (Figure 3C and E) but also of VEGF
transcripts was severely diminished (Figure 3E), although
HIF-1o was already slightly stabilized under normoxic con-
ditions and was further inducible under hypoxic conditions
(Figure 3D). As we were still able to induce junB transcription
in these cells via the protein kinase A (PKA) signaling path-
way elicited by increase in intracellular cAMP levels through
Forskolin treatment (Figure 3F), we conclude that the hypox-
ia response on junB transcription is fully mediated via NF-kB.
Most importantly, despite reduced basal VEGF mRNA levels

©2007 European Molecular Biology Organization

in the absence of NF-kB (Supplementary Figure S3),
Forskolin treatment led in parallel to a similar induction of
VEGF when compared to wild-type cells (Figure 3F).

JunB contributes to hypoxia-induced AP-1 binding
and is able to transactivate the VEGF promoter

Owing to the presence of several recognition sites for AP-1,
so-called TREs (TPA, (12-O-tetradecanoylphorbol-13-acet-
ate)-responsive elements) and CREs (cAMP-response ele-
ments) present within the VEGF promoter (Figure 4A), it is
very likely that JunB can positively act on the promoter as it
has been described previously for other genes (Chiu et al,
1989; Passegue and Wagner, 2000; Andrecht et al, 2002).
Thus, we applied electromobility shift assays (EMSAs) using
in vitro-translated JunB dimerized to c-Fos. JunB:Fos hetero-
dimers bound preferably to the TRE located at position —1093
to —1086 of the murine VEGF promoter (Figure 4A, left panel)
but also with much lower preference to a TRE close to the HIF

The EMBO Journal VOL 26 | NO 3 | 2007 713
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Figure 4 JunB binds to and activates the murine VEGF promoter. (A) Left panel, top: schematic representation of the murine VEGF promoter
indicating the positions of the relevant consensus-binding sites for AP-1 (black ellipse for AP-1 and gray diamond for CRE) and HIF (gray bar).
Left panel, bottom: EMSA of complexes formed by in vitro-translated JunB:Fos dimers (D) on the consensus AP-1 sites (TRE) and different
potential AP-1-binding sites within the VEGF promoter. Location of these sites is indicated on the top. For control, the DNA elements were
incubated with reticulocyte extract only (R). Middle panel: EMSAs of complexes formed with the consensus AP-1 site (TRE) and the VEGF-AP-1
element located at —1093 using nuclear extracts from wild-type (wt) and junB~~ fibroblasts grown under normoxic or hypoxic (Hx) conditions
for 16 h. For cross-competition experiments, a 50-fold excess of non-labeled competitor TRE or —1093, as indicated on the top, was used. For
supershift analysis, extracts were preincubated with a specific antiserum recognizing JunB (a-JunB). Arrows depict specific complexes. No
specific protein-DNA complexes were obtained with an oligonucleotide representing a mutated version of the VEGF-AP-1 site (data not
shown). Individual lanes were numbered for convenience. Right panel, top: residual AP-1-binding activity in junB~~ nuclear extracts due to c-
Jun. EMSA of complexes formed with the VEGF-AP-1 element located at —1093 using nuclear extracts from wild-type (wt) and junB~/~
fibroblasts grown under normoxic or hypoxic (Hx) conditions for 16 h. For supershift analysis, extracts were preincubated with a specific
antiserum recognizing c-Jun (a-c-Jun). Right panel, bottom: in parallel, EMSAs with an Spl element were performed to control for equal
quality and amount of extracts used. (B) ChIP analysis of the VEGF promoter was performed using an antibody specific for JunB. Specific
primer sets were used to discriminate between the promoter region harboring the proximal TREs (—1140 to —733) and a control region (co) in
the 5'UTR that does not contain any TRE (+ 654 to + 844). JunB binding to the VEGF promoter region between —1140 and —733 was detected
and was enhanced in End cells treated with 200 uM CoCl, for 4 h. (C) F9 cells were cotransfected with a JunB expression vector and luciferase
reporters containing no promoter (pGL3), a JunB target (5 x TRE), wild-type VEGF or VEGF containing the mutated AP-1 site at —1093 (VEGF-
mAP-1) as indicated. The fold induction upon transactivation was calculated as described in Figure 3B. (D) Hypoxia-dependent transactivation
of the wild-type and VEGF reporters with mutated AP-1 (VEGF-mAP-1), mutated HIF (VEGF-mHRE) or both mutated binding sites (VEGF-mAP-
1/mHRE) was measured in transiently transfected HepG2 cells. Twenty-four hours post-transfection, cells were incubated for 12h under
normoxic or hypoxic (Hx) conditions. Relative luciferase activities (RLU) are given. Fold activation of reporter plasmid under hypoxia over
normoxia is depicted on top of the columns. Error bars of at least three independent experiments show s.d. values. *P=0.0001 (C) and P<0.01
(D) for mutant versus wild-type VEGF reporter, respectively.

recognition site at —880 to —873, and to the CRE at —757 to
—749. The high-affinity site at —1093 was used to analyze
DNA-binding activities of nuclear extracts from wild-type and
junB~/~ MEFs grown under normoxic or hypoxic conditions
(Figure 4A, middle panel). A hypoxia-inducible complex
was observed with a consensus TRE (lane 2) or the —1093
VEGF-AP-1 site (lane 6), using extracts of wild-type cells. The
complex at the —1093 site could be competed by both the
unlabeled oligonucleotide (lane 8), and the consensus
TRE (lane 9), and was partially supershifted by preincubation
with a specific antibody directed against JunB (lane 7). When
nuclear extracts from junB~/~ cells were used, complex
formation on the TRE (lane 3) was comparable to that seen
with normoxic wild-type extracts (lane 1). However, complex

714 The EMBO Journal VOL 26 | NO 3 | 2007

formation was no longer hypoxia-inducible (lane 4) and was
severely reduced on the —1093 VEGF-AP-1 site (lanes 10
and 11). The remaining, hypoxia-induced complex (lane 11)
is most likely due to c-Jun present in the extract (Figure 4A,
right panel, top). Gel shifts performed with the consensus site
for Spl did not reveal any differences in overall binding
activities between wild-type and junB /~ extracts (Figure 4,
right panel, bottom). To prove physical interaction of JunB
with the VEGF promoter, chromatin immunoprecipitation
(ChIP) analysis was performed in End cells in the absence
or presence of CoCl,. Primers were designed to amplify the
region of the VEGF promoter (—1140 to —733) containing
both TREs for potential binding of JunB. We found weak
basal JunB binding to this promoter region (Figure 4B) which

©2007 European Molecular Biology Organization



was enhanced in CoCl,-treated cells. In contrast, no inter-
action was observed at a control region containing no TREs
(4654 to + 844). To determine the transactivation potential
of promoter-bound JunB, activation of a murine VEGF pro-
moter luciferase reporter was analyzed. Coexpression of JunB
resulted in strong transactivation of the wild-type —1155/
+ 55 murine VEGF promoter (Figure 4C, VEGF) comparable
to that obtained with the typical artificial junB reporter
(Figure 4C, 5 x TRE). Mutation of the high-affinity AP-1 site
(—1093 to —1086) within the murine promoter fragment
resulted in a complete suppression of luciferase activity
(Figure 4C, VEGF-mAP-1), suggesting that JunB acts primar-
ily through this element. When hypoxia-dependent transacti-
vation of these reporters was analyzed, a robust induction of
the reporter carrying the VEGF wild-type sequences —1155/
+ 55 was observed (Figure 4D). Mutation of the AP-1 site at
position —1093 to —1086 resulted in a significant impairment
of the hypoxia inducibility from 3.9- to 2.7-fold. By compar-
ison, mutation of the HIF recognition site HRE compromised
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hypoxia-dependent reporter gene expression to a slightly
higher extent revealing a residual inducibility of 2.4-fold.
Reporter gene expression was barely detectable when both
AP-1 and HIF sites were mutated (Figure 4D).

Compromised tumor growth and angiogenesis
in the absence of JunB
Hypoxia-driven VEGF expression is considered to be an
important factor governing tumor angiogenesis and growth.
Reduced expression of VEGF caused by the loss of JunB is
therefore expected to affect also tumor angiogenesis that was
analyzed by generating ES-cell derived teratocarcinomas
(germ cell tumors) in nu/nu mice. Indeed, macroscopic
analysis of wild-type teratocarcinomas revealed a red and
hemorrhagic phenotype with bleeding upon isolation. In
contrast, the junB~/~ tumors were pale and poorly hemor-
rhagic (Figure 5A).

To quantify the influence of JunB ablation on tumor
progression, tumors that had a minimal size of 100 mm? at
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Figure 5 Reduced tumor volume of JunB-deficient teratocarcinomas, lack of large blood vessels and impaired VEGF expression.

(A) Photographs of a junB™/

and a wild-type (wt) teratocarcinoma showing severe hemorrhaging in wild-type but not in the junB ™/~

teratocarcinomas. (B) Tumor progression of wild-type (wt) and junB™/~ teratocarcinomas monitored for the indicated time points post
injection by measuring the tumors in two dimensions (width by length) and subsequent calculation of the volumes. Error bars of at least three
tumors of each genotype show s.d. values. *P=0.001 (d17 and d21). (C) CD31 («-CD31, red signal) immunofluorescence staining on
cryosections of two different tumor areas derived from wild-type (wt) and junB~/~ ES cells. To determine the vessel sizes, three independent
tumors of wild-type and junB ™/~ genotype, and of two stages, day 17 and day 24, as indicated in table, were analyzed by measuring the vessel
size using the software Lucia Archive (Nikon). Five randomly chosen optical fields of each tumor were analyzed. Table shows the percentage of
vessels being larger than 25pum in diameter. Wilcoxon’s rank sum test comparing all vessel diameters of day 24 wild-type and junB~~
teratocarcinomas reveals that diameters of JunB-deficient vessels differ significantly from those of wild-type vessels (P=0.006). (D) VEGF
(a-VEGF, green signal) immunofluorescence staining on cryosections of two different tumor areas derived from wild-type (wt) and junB~/~ ES
cells. For CD31 and VEGEF, stainings of wild-type and junB~/~ tumors isolated at day 24 are shown. Nuclei were counterstained with Hoechst

33342 (blue signal). Size bar, 100 um.
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day 7 after injection were followed up. Up to 10 days after
injection of ES cells, there was no difference in the growth
behavior of wild-type and junB~/~ tumors. Interestingly,
tumor growth was attenuated in junB™~ teratocarcinomas
(Figure 5B) day 14 onwards. Between days 21 and 24, 37.5%
of wild-type tumors had reached a size no longer tolerable
from point of view of the animal’s welfare, thus, mice had to
be killed. When tumors were analyzed for the presence of
blood vessels, different sizes of vessels were present through-
out the whole wild-type tumors. By contrast, junB ™/~ tumors
showed predominantly small capillaries; large vessels were
very rarely present or completely absent (Figure 5C, a-CD31).
To quantify the vascular phenotype, the vessel size per optical
field was measured for three independent tumors of each
stage and genotype. Remarkably, teratocarcinomas derived
from junB~/~ ES cells never contained blood vessels larger
than 55 pm in diameter in contrast to wild-type tumors that
developed large vessels and blood vessel lakes larger than
80um in diameter (Figure 5C). Importantly, VEGF was
expressed at high levels in wild-type tumors, whereas
junB~/~ teratocarcinomas revealed only marginal VEGF
expression for all tumor stages and diversely differentiated
tumor areas analyzed (Figure 5C, a-VEGF). Thus, in addition
to embryonic development, tumor angiogenesis represents an
additional in vivo condition where the lack of JunB affects
VEGF expression resulting in impaired neovascularization.

Discussion

Our data obtained from three independent JunB-deficient cell
model systems and various stimuli strongly suggest that JunB
is a critical player in VEGF regulation affecting VEGF tran-
scription in response to mitogens and hypoxia. Moreover,
junB itself is a target of the hypoxia-induced gene program.
For MEFs, we could identify the molecular mechanism
responsible for junB induction, which involves NF-xB
signaling. Hypoxia influences the formation of initial
placental structures guaranteeing oxygen supply of the
embryo (Land, 2003) and subsequently serves as important
stimulus for angiogenesis (Giaccia et al, 2004). Thus, failure
in both hypoxia-mediated placentation and angiogenesis may
represent the underlying molecular mechanism responsible
for the phenotype of JunB-deficient embryos displaying var-
ious failures in trophoblast function, yolk sac and placental
labyrinth vascularization (Schorpp-Kistner et al, 1999).
Besides the master regulatory transcription factor HIF
mediating the stimulatory effect of hypoxia on gene expres-
sion (Semenza, 2000; Bacon and Harris, 2004; Poellinger
and Johnson, 2004), several other transcription factors were
reported to be activated in response to lowered oxygen
pressure (Faller, 1999; Harris, 2002). These include CREB
(the cyclic AMP-response element-binding protein), EGR-1
(early growth response-1), metal-transcription factor-1, NF-
kB and AP-1. Although NF-xB and AP-1 are at the receiving
end of different signaling pathways, they are often activated
by the same stimuli and regulate simultaneously common
target genes implicated in important physiological and patho-
logical processes such as proliferation, differentiation, apop-
tosis, inflammation and tumorigenesis (Eferl and Wagner,
2003; Greten and Karin, 2004; Hess et al, 2004). Previous
studies suggested that NF-«B regulates VEGF gene expression
at the transcriptional level (Huang et al, 2001; Kiriakidis et al,
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2003; Fujioka et al, 2004). Here, we provide a direct mechan-
istic link between NF-kB and the AP-1 subunit JunB in the
hypoxia-mediated induction of VEGF. We found that JunB is
required for basal and hypoxia-induced transcriptional acti-
vation of VEGF and that JunB itself is induced in response to
low oxygen levels via NF-«B. In cells lacking NF-kB activity,
junB as well as VEGF induction in response to hypoxia is
severely diminished, whereas expression and stabilization of
HIF were not altered. In line with previous reports (Huang
et al, 2001; Kiriakidis et al, 2003; Fujioka et al, 2004), we
observed a diminished basal expression of VEGF in MEFs
lacking NF-kB activity. However in these cells, junB and its
target VEGF are still inducible via the PKA signaling path-
ways. By contrast, VEGF expression in response to hypoxia
is hampered in different cell types, lacking JunB. As loss of
JunB has no negative influence on NF-kB induction and
activity in response to hypoxia (Supplementary Figure S3),
we conclude that despite the presence of active NF-xB as well
as stabilized HIF, JunB is absolutely required for VEGF
regulation in a cell-type-independent manner.

In endothelial cells, an induction of AP-1 transcription
factor activity and concomitant activation of target genes
such as endothelin-1 and PDGF-B by hypoxic environment
has been shown (Ausserer et al, 1994; Bandyopadhyay et al,
1995). Yet, in certain cell types, transcriptional induction of
AP-1 members, such as c-jun, did not result in concomitant
increased DNA binding and subsequent reporter gene activa-
tion (Ausserer et al, 1994; Bandyopadhyay et al, 1995),
suggesting cell-specific signals or additional factors or differ-
ent AP-1 subunits involved in the AP-1-mediated hypoxia
regulation. Previous reports have already underlined the
functional importance of AP-1-binding sites within the
human VEGF promoter (Damert et al, 1997) and described
a functional cooperativity of c-Jun and HIF-1 (Alfranca et al,
2002; Salnikow et al, 2002) and an HIF-1a dependency of
c-Jun in chronic hypoxia (Laderoute et al, 2002). Previous
studies were concentrated on c-Jun and recently on c-Fos
(Fujioka et al, 2004); however, experimental tools were used
that do not necessarily discriminate among the different Jun
members, such as antibodies for supershift assays that
recognize all three Jun members (Damert et al, 1997), as
well as the transdominant-negative mutants TAM67 (Alfranca
et al, 2002) and A-Fos (Bobrovnikova-Marjon et al, 2004;
Fujioka et al, 2004) that will simultaneously inhibit all Jun
members. Based on our data and a recent report on NF-xB-
mediated VEGF regulation via the AP-1 subunit c-Fos (Fujioka
et al, 2004), we propose that a JunB:c-Fos heterodimer
participates in VEGF transcription as c-Fos function requires
a Jun dimerization partner. Yet, whereas c-Fos is only indir-
ectly regulated by NF-kB through the activation of Elk-1
(Fujioka et al, 2004), a member of the ternary complex
factor (TCF), well known for its prominent function in c-fos
transcriptional regulation (Sassone-Corsi and Verma, 1987;
Hipskind et al, 1991; Marais et al, 1993), we found that junB
is a direct target of NF-kB in the hypoxia regulation. The
nuclear translocation of NF-kB within 20 min in response to
hypoxia correlates with the rapid transcriptional induction of
junB. Interestingly, in a recent in vitro study, post-transla-
tional hydroxylation of ankyrin repeats in IxB proteins by the
HIF asparaginyl hydroxylase factor inhibiting HIF could be
demonstrated (Cockman et al, 2006), which may provide a
potential explanation for the induction of NF-kB signaling by
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hypoxia. Finally, by applying coexpression studies, we were
able to confirm previous findings that junB is a direct target of
NF-kB (Brown et al, 1995; Krappmann et al, 2004) and extend
these findings to the physiological stimulus hypoxia.

The absence of a vascular or angiogenic phenotype in mice
with the genetic ablation of c-Jun, JunD or c-Fos (Eferl and
Wagner, 2003; Hess et al, 2004) favors JunB as the primary
AP-1 subunit in the regulation of VEGF expression in vivo.
This is also supported by the direct and hypoxia-increased
binding of JunB to the VEGF promoter, a strongly diminished
hypoxia-inducible binding activity at the VEGF-AP-1 site in
junB~/~ cells as well as the JunB-dependent transactivation
of the VEGF reporter in coexpression studies. Importantly,
JunB ablation severely affected basal expression and induci-
bility of VEGF in response to TPA but did not hamper the
expression of c-Jun and c-Fos. Our data imply that JunB
regulation of VEGF in MEFs is a very early but essential
event at least in MEFs. The slower induction kinetics in both
ES and End cells may either be due to cell-type-specific
differences in basal levels of transcription factors or due to
different thresholds of ES cells and endothelial cells versus
MEFs for sensing hypoxia. The JunB response can be sepa-
rated from the known regulatory function of AP-1 subunits
presently regarded as hypoxia-responsive factor regulating
VEGF. Our observation is in line with a previous report that
c-Jun expression is even increased in JunB-deficient granu-
locytes (Passegue et al, 2001), and supports the concept that
JunB can act as an antagonist of c-Jun (Chiu et al, 1989;
SzabowsKi et al, 2000). Here, we could identify with VEGF
a protagonist for a putative subset of AP-1 target genes
controlled by HIF-1a, c-Jun and NF-kB via c-Fos and JunB
in concert (Figure 6). Applying a cDNA microarray on wild-
type and junB ™/~ endothelial cells, we very recently identi-
fied in addition to VEGF, only a few other JunB-dependent
hypoxia-regulated targets, of which core-binding factor B is
required for endothelial cell morphogenesis (Licht et al,
2006). Undisputedly, there is an increasing body of evidence
that AP-1 subunits play an important role in angiogenesis or
tumor angiogenesis (Folkman, 2004). Thus, it has been
shown that JunD regulates genes involved in antioxidant
defense and H,0, production and, also protects cells from
oxidative stress and exerts an anti-angiogenic effect (Gerald
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Figure 6 Model for hypoxia-induced transcription factors HIF, JunB
and NF-xB acting in concert on the murine VEGF promoter to confer
maximal VEGF expression. The model is based on previous reports
and our own findings; c-Fos or c-Jun may represent the most likely
dimerization partners of JunB.
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et al, 2004). By contrast, DNAzyme-mediated suppression
of c-Jun inhibited corneal neovascularization stimulated
by VEGF and also significantly reduced tumor growth in an
in vivo mouse model (Zhang et al, 2004). Our data suggest
that suppression of JunB may have a similar, if not even more
prominent effect on tumor angiogenesis. JunB-deficient ex-
perimental teratocarcinomas were smaller and less vascular-
ized than wild-type tumors. As proliferation and apoptosis
were not affected in junB™~ teratocarcinomas as measured
by BrdU incorporation and TUNEL staining (Supplementary
Figures S4 and S5), we conclude that the reduced tumor
growth was most likely due to failure in hypoxia-mediated
VEGF induction, as VEGF protein was barely detectable in
tumor tissue of JunB-deficient teratocarcinomas. In line with
this assumption, we found junB~/~ teratocarcinomas harbor
more hypoxic areas than wild-type tumors as shown by
increased expression of glucose transporter GLUT-1
(Supplementary Figure S6), a protagonist for hypoxia-
induced gene products.

JunB can be activated by a plethora of stimuli, including
inflammatory cytokines, and thus, JunB could represent a
potential link between inflammation and oncogenesis. Such
a link has previously been suggested for HIF-1o shown to be
upregulated via an NF-kB-Cox2 pathway (Jung et al, 2003).

Our approach provides exciting novel insights into a
remarkably complex network of transcriptional regulation
involving JunB as a novel critical factor acting in response
to NF-kB and in concert with HIF, and the other AP-1
subunits c-Jun and c-Fos as critical mediators of VEGF
response to hypoxia (Figure 6) and of tumor angiogenesis.
For the future, it will be important to investigate whether a
combinatorial inhibitory approach for these essential compo-
nents of a hypoxia-dependent transcriptional network will be
useful for anti-angiogenic tumor therapies.

Materials and methods

Cell lines and culture conditions

Generation and culture of ES cells and in vitro differentiation of D3
ES cells was performed as described (Vittet et al, 1996; Schorpp-
Kistner et al, 1999; Andrecht et al, 2002). Allantois explants from
early headfold-stage (E7.75-E8.75) embryos were derived from
timely mated heterozygous junB mice carrying a Tie2-lacZ
transgene (Schlaeger et al, 1997) and cultivated as described
(Downs et al, 2001). As B-galactosidase is under the control of the
Tie-2 promoter and enhancer, positive p-galactosidase staining is
predominantly indicative for vascular endothelial cells (Schlaeger
et al, 1997), and thus, was used for analysis of yolk sacs and
allantois explants. Primary NF-kB super-repressor cells and
respective wild-type cells (Schmidt-Ullrich et al, 2001) were
immortalized as described (Andrecht et al, 2002). HIF-1o.~ and
wild-type MEFs (Ryan et al, 2000) as well as End cells (Licht et al,
2006) were reported elsewhere. F9 teratocarcinoma and HepG2 cells
were transiently transfected as described (Andrecht et al, 2002).

Construction of reporter genes
For further details, see Supplementary data.

Electrophoretic mobility shift assays

Preparation of nuclear extracts from wild-type and junB~/~ MEFs
and gel retardation assays were performed as described previously
(Andrecht et al, 2002).

Chromatin immunoprecipitation assay

A ChIP kit (Millipore) was used according to the instructions of
the manufacturer. Antibody used for JunB was cl11 (Santa Cruz).
For primer sequences for amplification of the VEGF gene, see
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Supplementary data. The ChIP Assay was performed as described
previously (Licht et al, 2006).

Immunoblot

Whole-cell extracts or nuclear extracts were prepared as described
(Dignam et al, 1983; Andrecht et al, 2002). Proteins (50 ug) were
separated by SDS-PAGE, blotted onto nitrocellulose, and immuno-
detection was performed with an enhanced chemiluminescence
system (Perkin Elmer LAS GmBH, Germany). For further details on
antibodies used, see Supplementary data.

Induction of teratocarcinomas, histological analysis of tumors
and immunofluorescence

For tumor formation, 2 x 10° wild-type and junB~/~ ES cells were
injected subcutaneously at the left and right sides of the dorsal area
into nu/nu mice. The procedures for performing animal experi-
ments were in accordance with the principles and guidelines of the
ATBW (authority for animal welfare) and were approved by the
Regierungsprdsidium Karlsruhe, Germany. For further details, see
Supplementary data.

RNA isolation and RT-PCR

Total RNA was isolated using TRIzol®™ reagent (Invitrogen GmBH,
Karlsruhe, Germany) according to the standard protocols followed
by treatment with DNAse I for 30min at 37°C. Quantitative
differences in gene expression were determined by real-time
RT-PCR using the Absolute™ QPCR SYBR® Green Fluorescein
Mix (ABgene, Surrey, UK) and a thermal cycler controlled by the

References

Alfranca A, Gutierrez MD, Vara A, Aragones J, Vidal F, Landazuri
MO (2002) c-Jun and hypoxia-inducible factor 1 functionally
cooperate in hypoxia-induced gene transcription. Mol Cell Biol
22:12-22

Andrecht S, Kolbus A, Hartenstein B, Angel P, Schorpp-Kistner M
(2002) Cell cycle promoting activity of JunB through Cyclin A
activation. J Biol Chem 277: 35961-35968

Ausserer WA, Bourrat-Floeck B, Green CJ, Laderoute KR,
Sutherland RM (1994) Regulation of c-jun expression during
hypoxic and low-glucose stress. Mol Cell Biol 14: 5032-5042

Bacon AL, Harris AL (2004) Hypoxia-inducible factors and hypoxic
cell death in tumour physiology. Ann Med 36: 530-539

Bakiri L, Lallemand D, Bossy-Wetzel E, Yaniv M (2000) Cell cycle-
dependent variations in c-Jun and JunB phosphorylation: a role
in the control of Cyclin D1 expression. EMBO J 19: 2056-2068

Bandyopadhyay RS, Phelan M, Faller DV (1995) Hypoxia induces
AP-1-regulated genes and AP-1 transcription factor binding in
human endothelial and other cell types. Biochim Biophys Acta
1264: 72-78

Bobrovnikova-Marjon EV, Marjon PL, Barbash O, Vander Jagt DL,
Abcouwer SF (2004) Expression of angiogenic factors vascular
endothelial growth factor and interleukin-8/CXCL8 is highly
responsive to ambient glutamine availability: role of nuclear
factor-kappaB and activating protein-1. Cancer Res 64: 4858-4869

Brown RT, Ades IZ, Nordan RP (1995) An acute phase response
factor/NF-kappa B site downstream of the junB gene that med-
iates responsiveness to interleukin-6 in a murine plasmacytoma.
J Biol Chem 270: 31129-31135

Bunn HF, Poyton RO (1996) Oxygen sensing and molecular adapta-
tion to hypoxia. Physiol Rev 76: 839-885

Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis.
Nat Med 6: 389-395

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L,
Gertsenstein M, Fahrig M, Vandenhoeck A, Harpal K, Eberhardt
C, Declercq C, Pawling J, Moons L, Collen D, Risau W, Nagy A
(1996) Abnormal blood vessel development and lethality in
embryos lacking a single VEGF allele. Nature 380: 435-439

Chiu R, Angel P, Karin M (1989) JunB differs in its biological
properties from, and is a negative regulator of c-Jun. Cell 59:
979-986

Cockman ME, Lancaster DE, Stolze IP, Hewitson KS, McDonough
MA, Coleman ML, Coles CH, Yu X, Pugh CW, Oldham NJ, Masson
N, Schofield CJ, Ratcliffe PJ (2006) Posttranslational hydroxyla-

718 The EMBO Journal VOL 26 | NO 3 | 2007

MyiQ Real Time Detection System software (BioRad, Munich,
Germany). All experiments were performed at least in triplicate.

Statistics
Unless described differently, the Student’s t-test was used to assess
statistical significance.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Acknowledgements

We thank Dr U Deutsch (University of Berne, Switzerland) for
sharing expertise in generating endothelioma cells and providing
bEND endothelioma cells and Tie2-lacZ transgenic mice. We are
grateful to Dr RS Johnson (UC San Diego, USA) for HIF-1a-deficient
MEFs and Drs Claus Scheidereit and R Schmidt-Ullrich (MDC Berlin,
Germany) for providing NF-kB super-repressor fibroblasts. We
thank T Raubinger, H Steinbauer, B Vonderstra and S Haid for
excellent technical assistance, Dr S Gack for advice in quantitative
RT-PCR, Dr U Deutsch and the members of the Angel laboratory
for helpful discussions and suggestions, Dr L Edler for support
with statistics and Drs B Hartenstein and J Hess for critical reading
of the manuscript. This work was supported by Training and
Mobility of Researchers Programs of the European Economic
Community and by the Deutsche Forschungsgemeinschaft (Scho
365/3-2 and SFB-TR23).

tion of ankyrin repeats in IkappaB proteins by the hypoxia-
inducible factor (HIF) asparaginyl hydroxylase factor, factor in-
hibitng HIF (FIH). Proc Natl Acad Sci USA 103: 14767-14772

Damert A, Ikeda E, Risau W (1997) Activator-protein-1 binding
potentiates the hypoxia-inducible factor-1-mediated hypoxia-
induced transcriptional activation of vascular-endothelial
growth factor expression in C6 glioma cells. Biochem J 327
(Part 2): 419-423

Dignam JD, Martin PL, Shastry BS, Roeder RG (1983) Eukaryotic
gene transcription with purified components. Methods Enzymol
101: 582-598

Downs KM, Temkin R, Gifford S, McHugh J (2001) Study of the
murine allantois by allantoic explants. Dev Biol 233: 347-364

Eferl R, Wagner EF (2003) AP-1: a double-edged sword in tumor-
igenesis. Nat Rev Cancer 3: 859-868

Faller DV (1999) Endothelial cell responses to hypoxic stress. Clin
Exp Pharmacol Physiol 26: 74-84

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS,
Powell-Braxton L, Hillan KJ, Moore MW (1996) Heterozygous
embryonic lethality induced by targeted inactivation of the VEGF
gene. Nature 380: 439-442

Folkman J (2004) Angiogenesis and c-Jun. J Natl Cancer Inst 96: 644

Fujioka S, Niu J, Schmidt C, Sclabas GM, Peng B, Uwagawa T, Li Z,
Evans DB, Abbruzzese JL, Chiao PJ (2004) NF-kappaB and AP-1
connection: mechanism of NF-kappaB-dependent regulation of
AP-1 activity. Mol Cell Biol 24: 7806-7819

Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ, Mansuy D,
Pouyssegur J, Yaniv M, Mechta-Grigoriou F (2004) JunD reduces
tumor angiogenesis by protecting cells from oxidative stress. Cell
118: 781-794

Giaccia AJ, Simon MC, Johnson R (2004) The biology of hypoxia:
the role of oxygen sensing in development, normal function, and
disease. Genes Dev 18: 2183-2194

Greten FR, Karin M (2004) The IKK/NF-kappaB activation pathway-
a target for prevention and treatment of cancer. Cancer Lett 206:
193-199

Harris AL (2002) Hypoxia—a key regulatory factor in tumour
growth. Nat Rev Cancer 2: 38-47

Hess J, Angel P, Schorpp-Kistner M (2004) AP-1 subunits: quarrel
and harmony among siblings. J Cell Sci 117: 5965-5973

Hipskind RA, Rao VN, Mueller CG, Reddy ES, Nordheim A (1991)
Ets-related protein Elk-1 is homologous to the c-fos regulatory
factor p62TCF. Nature 354: 531-534

©2007 European Molecular Biology Organization



Huang S, Pettaway CA, Uehara H, Bucana CD, Fidler 1IJ (2001)
Blockade of NF-kappaB activity in human prostate cancer cells
is associated with suppression of angiogenesis, invasion, and
metastasis. Oncogene 20: 4188-4197

Jochum W, Passegue E, Wagner EF (2001) AP-1 in mouse develop-
ment and tumorigenesis. Oncogene 20: 2401-2412

Jung YJ, Isaacs JS, Lee S, Trepel J, Neckers L (2003) IL-lbeta-
mediated up-regulation of HIF-lalpha via an NFkappaB/COX-2
pathway identifies HIF-1 as a critical link between inflammation
and oncogenesis. FASEB J 17: 2115-2117

Kiriakidis S, Andreakos E, Monaco C, Foxwell B, Feldmann M,
Paleolog E (2003) VEGF expression in human macrophages is
NF-kappaB-dependent: studies using adenoviruses expressing
the endogenous NF-kappaB inhibitor IkappaBalpha and a
kinase-defective form of the IkappaB kinase 2. J Cell Sci 116:
665-674

Krappmann D, Wegener E, Sunami Y, Esen M, Thiel A, Mordmuller
B, Scheidereit C (2004) The IkappaB kinase complex and NF-
kappaB act as master regulators of lipopolysaccharide-induced
gene expression and control subordinate activation of AP-1. Mol
Cell Biol 24: 6488-6500

Laderoute KR, Calaoagan JM, Gustafson-Brown C, Knapp AM,
Li GC, Mendonca HL, Ryan HE, Wang Z, Johnson RS (2002)
The response of c-jun/AP-1 to chronic hypoxia is hypoxia-indu-
cible factor 1 alpha dependent. Mol Cell Biol 22: 2515-2523

Land SC (2003) Oxygen-sensing pathways and the development of
mammalian gas exchange. Redox Rep 8: 325-340

Licht AH, Pein OT, Florin L, Hartenstein B, Reuter H, Arnold B,
Lichter P, Angel P, Schorpp-Kistner M (2006) JunB is required for
endothelial cell morphogenesis by regulating core-binding factor
f. J Cell Biol 175: 981-991

Marais R, Wynne J, Treisman R (1993) The SRF accessory protein
Elk-1 contains a growth factor-regulated transcriptional activa-
tion domain. Cell 73: 381-393

Minet E, Michel G, Mottet D, Piret JP, Barbieux A, Raes M, Michiels
C (2001a) c-JUN gene induction and AP-1 activity is regulated by
a JNK-dependent pathway in hypoxic HepG2 cells. Exp Cell Res
265: 114-124

Minet E, Michel G, Mottet D, Piret JP, Barbieux A, Raes M, Michiels
C (2001b) c-JUN gene induction and AP-1 activity is regulated by
a JNK-dependent pathway in hypoxic HepG2 cells. Exp Cell Res
265: 114-124

Pages G, Pouyssegur J (2005) Transcriptional regulation of the
vascular endothelial growth factor gene—a concert of activating
factors. Cardiovasc Res 65: 564-573

Park SK, Dadak AM, Haase VH, Fontana L, Giaccia AJ, Johnson RS
(2003) Hypoxia-induced gene expression occurs solely through
the action of hypoxia-inducible factor lalpha (HIF-lalpha):
role of cytoplasmic trapping of HIF-2alpha. Mol Cell Biol 23:
4959-4971

Passegue E, Jochum W, Schorpp-Kistner M, Mohle-Steinlein U,
Wagner EF (2001) Chronic myeloid leukemia with increased

©2007 European Molecular Biology Organization

Role for NF-kB-induced JunB in VEGF regulation
D Schmidt et a/

granulocyte progenitors in mice lacking junB expression in the
myeloid lineage. Cell 104: 21-32

Passegue E, Wagner EF (2000) JunB suppresses cell proliferation by
transcriptional activation of p16(INK4a) expression. EMBO J 19:
2969-2979

Poellinger L, Johnson RS (2004) HIF-1 and hypoxic response: the
plot thickens. Curr Opin Genet Dev 14: 81-85

Risau W, Flamme I (1995) Vasculogenesis. Annu Rev Cell Dev Biol
11: 73-91

Ryan HE, Poloni M, McNulty W, Elson D, Gassmann M, Arbeit JM,
Johnson RS (2000) Hypoxia-inducible factor-1alpha is a positive
factor in solid tumor growth. Cancer Res 60: 4010-4015

Salnikow K, Kluz T, Costa M, Piquemal D, Demidenko ZN, Xie K,
Blagosklonny MV (2002) The regulation of hypoxic genes
by calcium involves c-Jun/AP-1, which cooperates with hypox-
ia-inducible factor 1 in response to hypoxia. Mol Cell Biol 22:
1734-1741

Sassone-Corsi P, Verma IM (1987) Modulation of c-fos gene tran-
scription by negative and positive cellular factors. Nature 326:
507-510

Schlaeger TM, Bartunkova S, Lawitts JA, Teichmann G, Risau W,
Deutsch U, Sato TN (1997) Uniform vascular-endothelial-cell-
specific gene expression in both embryonic and adult transgenic
mice. Proc Natl Acad Sci USA 94: 3058-3063

Schmidt-Ullrich R, Aebischer T, Hulsken J, Birchmeier W, Klemm U,
Scheidereit C (2001) Requirement of NF-kappaB/Rel for the
development of hair follicles and other epidermal appendices.
Development 128: 3843-3853

Schorpp-Kistner M, Wang ZQ, Angel P, Wagner EF (1999) JunB is
essential for mammalian placentation. EMBO J 18: 934-948

Semenza GL (2000) HIF-1: mediator of physiological and pathophy-
siological responses to hypoxia. J Appl Physiol 88: 1474-1480

Shaulian E, Karin M (2002) AP-1 as a regulator of cell life and death.
Nat Cell Biol 4: E131-E136

Szabowski A, Maas-Szabowski N, Andrecht S, Kolbus A, Schorpp-
Kistner M, Fusenig NE, Angel P (2000) c-Jun and JunB antag-
onistically control cytokine-regulated mesenchymal-epidermal
interaction in skin. Cell 103: 745-755

Vittet D, Buchou T, Schweitzer A, Dejana E, Huber P (1997)
Targeted null-mutation in the vascular endothelial-cadherin
gene impairs the organization of vascular-like structures in
embryoid bodies. Proc Natl Acad Sci USA 94: 6273-6278

Vittet D, Prandini MH, Berthier R, Schweitzer A, Martin-Sisteron H,
Uzan G, Dejana E (1996) Embryonic stem cells differentiate
in vitro to endothelial cells through successive maturation
steps. Blood 88: 3424-3431

Weinstein BM (1999) What guides early embryonic blood vessel
formation? Dev Dyn 215: 2-11

Zhang G, Dass CR, Sumithran E, Di Girolamo N, Sun LQ,
Khachigian LM (2004) Effect of deoxyribozymes targeting c-Jun
on solid tumor growth and angiogenesis in rodents. J Natl Cancer
Inst 96: 683-696

The EMBO Journal VOL 26 | NO 3 | 2007 719



