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Hypoxia induces tumor and endothelial cell
migration in a Semaphorin 3F- and VEGF-

dependent manner via transcriptional repression

of their common receptor Neuropilin 2
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Neuropilin-2 (NRP2) is a receptor expressed by tumor cells and endothelial cells (EC) that binds both semaphorin 3F
(SEMA3F), a potent inhibitor of tumor angiogenesis and metastasis, and vascular endothelial growth factor (VEGF), a
potent stimulator of tumor angiogenesis. It was found that glioblastoma and melanoma cells repressed NRP2 expression
when maintained under hypoxic conditions and after treatment with the hypoxia-mimetic agent desferrioxamine
(DFO), at both the mRNA and protein levels. Silencing of HIF1-a, the hypoxia-induced subunit of the hypoxia inducible
factor (HIF), abrogated DFO-induced NRP2 repression. Conversely, ectopic expression of HIF1-« directly repressed NRP2
promoter activity and expression. NRP2 is the sole receptor for SEMA3F. Loss of NRP2 expression in tumor cells inhibited
SEMA3F-dependent activities, such as inactivation of RhoA, depolymerization of F-actin and inhibition of tumor cell
migration. On the other hand, loss of NRP2 expression in tumor cells increased VEGF protein levels in conditioned media,
with no effects on VEGF mRNA levels. This increase in VEGF protein levels promoted paracrine activation of EC, including
VEGF receptor-2 phosphorylation and activation of downstream signaling proteins such as p44/42 MAPK and p38 MAPK.
In addition, the elevated VEGF levels induced EC migration and sprouting, two key steps of tumor angiogenesis in vivo.
It was concluded that hypoxia regulates VEGF and SEMASF activities through transcriptional repression of their common

receptor NRP2, providing a novel mechanism by which hypoxia induces tumor angiogenesis, growth and metastasis.

Introduction

Most solid tumors become hypoxic as they grow. In order to
survive in the hypoxic environment, tumor cells have developed
a coordinated set of responses to increase their blood supply.'
For example, in hypoxic conditions, tumor cell expression of
vascular endothelial growth factor (VEGF), a potent stimulator
of angiogenesis, is induced in order to attract new blood ves-
sels.** A critical mediator of the hypoxic response is the hypoxia-
inducible factor (HIF), a heterodimeric basic helix-loop-helix
(bHLH) transcription factor composed of a HIF-a subunit
(HIF1-a or HIF2-a/EPAS) and a HIF-B subunit."*¢ Whereas
the B-subunit is constitutively expressed, the stability and tran-
scriptional activity of the a-subunits are precisely controlled
by the intracellular oxygen concentration.” Under normoxic
conditions, cells continuously synthesize, ubiquitinate and
degrade the a-subunits. However, under hypoxic conditions, the

degradation of the a-subunits is inhibited, resulting in accumu-
lation of the a-subunits, dimerization with HIF1-8, binding to
hypoxia response elements (HREs) within target genes and acti-
vation of transcription. For example, under hypoxic conditions,
HIF-1 has been shown to bind to and activate transcription of
the gene encoding VEGF.*

Neuropilin-1 and -2 (NRP1 and NRP2), first described as
receptors for class-3 semaphorins (SEMA3A-G) that regulate
axon guidance during nervous system development, are also reg-
ulators of angiogenesis.*! In endothelial cells (EC), binding of
SEMA3A to NRP1 or SEMA3F to NRP2 induced EC repulsion
in vitro and inhibited tumor angiogenesis in vivo.'*!> NRPs also
have been shown to be co-receptors of VEGF receptors (VEGFR1-
3) for VEGE."'¢ NRP expression in EC increased VEGF bind-
ing to VEGFRs, VEGFR phosphorylation and VEGF-dependent
VEGFR angiogenic activities such as EC survival and chemo-
taxis.""” Thus, inhibition or stimulation of tumor angiogenesis
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may be favored, depending on whether SEMA3F or VEGF is the
ligand.

NRPs are also expressed by tumor cells and contribute to
tumor progression and metastasis.” %" Overexpression of NRP1
in prostate carcinoma, colon carcinoma and glioma cancer mod-
els induced tumor angiogenesis and promoted tumor progres-
sion.?*?* Similarly, NRP2 promoted tumor growth and metastasis
in pancreatic adenocarcinoma and colorectal cancer models.?**
In cancer patients, expression of NRP1, NRP2 or both NRPs is
often upregulated and is correlated with tumor aggressiveness,
advanced disease stage and poor prognosis.”>* Tumor cells rarely
express VEGFR-2, the major VEGFR; therefore, NRPs often
represent the only VEGF receptors on tumor cells.'*** Thus, in
tumor cells, VEGF/NRPs interactions might transduce a signal
independent of VEGFR-2. For example, exogenous expression of
NRPs in tumor cells was correlated with tumor cell survival and
migration in a VEGF-dependent manner.?*?!

Tumor cells expressing NRPs bind and respond to SEMA3s.
SEMA3s have been shown to inhibit tumor growth and metasta-
sis."! A connection between SEMA3B and SEMA3F and tumor
formation became apparent when it was shown that their loci
mapped to a region on human chromosome 3p21.3 that is com-
monly deleted in lung tumors.** Binding of SEMA3F to NRP2
inactivated RhoA, leading to F-actin cytoskeleton depolymeriza-
tion and, as a result, inhibition of tumor cell migration and inva-
sion in vitro.>* A suppressive role in metastasis was based on the
observations that SEMA3F expression was strongly downregu-
lated in highly metastatic tumor cells and that SEMA3F overex-
pression inhibited metastasis in vivo."

Whereas much is known about how VEGF expression is regu-
lated under hypoxic conditions, very little is known about the reg-
ulation of NRPs during hypoxia. In this report we demonstrate
that tumor cells transcriptionally repress NRP2 under hypoxic
conditions and after treatment with the hypoxia-mimetic agents
desferrioxamine (DFO) and cobalt, in a HIFl-a-dependent
manner. NRP2 repression in tumor cells affected the biological
activities of its two ligands, SEMA3F and VEGF. Tumor cells no
longer responded to the inhibitory activities of SEMA3F, such
as inactivation of RhoA activity and inhibition of tumor cell
migration. On the other hand, NRP2 repression in tumor cells
increased VEGF protein levels in conditioned media, resulting in
increased paracrine activation of EC. These results suggest that
hypoxia-induced transcriptional repression of NRP2 in tumor
cells regulates both VEGF and SEMA3F activities, providing a
novel mechanism by which hypoxia induces tumor angiogenesis,
growth and metastasis.

Results

Hypoxia represses NRP2 expression in tumor cells in a HIF1-a-
dependent manner. Human U87MG glioblastoma and A375SM
melanoma cells expressed abundant NRP2 (Fig. 1A). These two
cell lines have been used extensively by us to study SEMA3F/
NRP2 interactions, signaling and biological activity. For exam-
ple, we demonstrated that U87MG cells responded strongly to
SEMAB3F in a number of bioassays, such as inactivation of RhoA,
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depolymerization of F-actin, loss of stress fibers and inhibition of
tumor cell migration.** In addition, overexpression of SEMA3F
in A375SM cells inhibited tumor cell migration and invasion in
vitro, and inhibited tumor angiogenesis, progression and metas-
tasis in vivo.'>¥

To study the effect of hypoxia on NRP2 expression, U§7MG
and A375SM cells were maintained in either normoxic (21% O,)
or hypoxic (1% O,) conditions or treated with DFO, an iron che-
lator that inhibits the prolyl hydroxylation of HIF-a subunits and
has a well-characterized hypoxia mimetic effect.’® Furthermore,
it has been shown that DFO was sufficient to promote angio-
genesis,” providing an excellent method to study hypoxia in
vitro. Compared with normoxia, hypoxia and DFO treatment
suppressed NRP2 expression in both cell lines, concomitant
with HIF1-a induction (Fig. 1A). Similar results were obtained
when using human U251 and SF210 glioblastoma and MMAN
and WM-266-4 melanoma cells (Sup. Fig. 1). Cobalt mimics
hypoxia and causes accumulation of HIF-a..%® Proteasome inhibi-
tor MG132 treatment mimics hypoxia by preventing HIF-o deg-
radation.” Both cobalt and MG132 treatment decreased NRP2
protein levels as well (Fig. 1A). Thus, under 4 different hypoxic
conditions—hypoxia, DFO, cobalt and MG132—and in 6 dif-
ferent human tumor cell lines, NRP2 expression was repressed
and accumulation of HIF1-a was induced (Fig. 1A).

To determine whether HIF1-a and/or HIF2-a were necessary
for hypoxia-induced NRP2 repression in tumor cells, their expres-
sion was knocked down using siRNAs. HIFl-a and HIF2-a
expression in U87MG cells treated with DFO was downregu-
lated efficiently 72 h after siRNA transfection (Fig. 1B). DFO-
induced NRP2 repression was inhibited by HIF1-a siRNA in
U87MG cells (Fig. 1C, lane 2 vs. 4), but not by HIF2-a siRNA
(Fig. 1C, lane 2 vs. 6), confirming that hypoxia-induced NRP2
repression was HIF1-a-dependent. On the other hand, ectopic
expression of HIF1-a in U87MG cells resulted in downregula-
tion of NRP2 protein levels (Fig. 1D). Together, these results
indicate that hypoxia represses tumor cell expression of NRP2
and that HIF1-a is necessary and sufficient for this hypoxia-
induced NRP2 repression.

Besides NRP2, NRPI expression was also repressed by
hypoxia and DFO treatment in U87MG cells (Sup. Fig. 2A
and B) in a HIFl-a-dependent manner (Sup. Fig. 2C and D).
A375SM cells did not express NRP1 under normoxic conditions
(data not shown).

Hypoxia represses NRP2 at the transcriptional level. Both
hypoxia and DFO treatment decreased NRP2 mRNA levels by
2-fold in U87MG cells (Fig. 2A, top left). NRP2 mRNA lev-
els were decreased by both hypoxia (5-fold) and DFO treatment
(2-fold) in A375SM cells (Fig. 2A, top right). On the other hand,
VEGF mRNA expression was increased in both tumor cell lines
when subjected to hypoxia or treated with DFO (Fig. 2A, bot-
tom). This increase in VEGF expression served as a positive con-
trol for the hypoxia response.

To test whether HIF1-a repressed NRP2 expression at the
promoter level, we isolated a fragment extending 1,831 bp in
the 5'-flanking region of the human NRP2 gene from a human
genomic PAC library. Luciferase reporter assays using a NRP2
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Figure 1. Hypoxia represses NRP2 expression in tumor cells in a HIF1-a-dependent manner. (A) NRP2, HIF1-a and B-actin protein levels in UB7MG
glioblastoma and A375SM melanoma cells maintained in either normoxic (21% O,) or hypoxic (1% O,) condtions or treated with either DFO, cobalt
or MG132 for 24 h. (B) HIF1-« (top) and HIF2-a (bottom) mRNA levels in U87MG cells transfected with either control, HIF1-« (top) or HIF2-a (bottom)
siRNAs and either left untreated or treated with DFO for 24 h. (C) NRP2, HIF1-q, HIF2-a and B-actin protein levels in U87MG cells transfected with either
control, HIF1-a or HIF2-a siRNAs and either left untreated or treated with DFO for 24 h. Note that there are two HIF1-a bands on the gel. The upper
band was specific since it was induced by DFO treatment (lanes 1 vs. 2) and blocked by HIF1-« siRNA (lanes 2 vs. 4). However, the lower band appeared
to be non-specific since it was present under normoxia in both control and HIF1-a siRNA transfections (lanes 1 and 3). (D) NRP2, HIF1-a and B-actin
protein levels in U87MG cells transfected with either control or pcDNA3-HIF1-a vectors.

promoter reporter construct showed that ectopic expression of
HIF1-o decreased NRP2 promoter activity directly in a dose-
dependent manner (Fig. 2B, top). HIF1-a is a well-known tran-
scriptional factor that activates the transcription of target genes
by binding to HRE. Thus, when an HRE-driven reporter con-
struct was used, HIF1-a increased HRE promoter activity in a
dose-dependent manner (Fig. 2B, bottom), providing a positive
control for HIF1-a overexpression. Taken together, these results
show that hypoxia represses tumor cell expression of NRP2 at the
transcriptional level.

Repression of NRP2 in tumor cells by hypoxia inhib-
its SEMA3F biological activity. We previously reported that
SEMA3F-induced depolymerization of F-actin, loss of stress
fibers, inactivation of RhoA, and inhibition of tumor cell adhe-
sion and migration are all dependent on NRP2 expression.** In
those studies, NRP2 expression was repressed by either a NRP2
siRNA or an anti-NRP2 antibody. We hypothesized that hypoxia
may also inhibit SEMAS3F biological activity through transcrip-
tional repression of NRP2.

Confocal microscopy showed that US87MG cells displayed
abundant F-actin stress fibers, indicative of an intact F-actin
cytoskeleton (Fig. 3Aa). SEMA3F induced loss of F-actin stress
fibers, reduced spreading and decreased cytoplasm (Fig. 3Ab).
However, after pretreatment with DFO, SEMA3F-induced
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F-actin depolymerization was inhibited (Fig. 3Ab vs. ¢). DFO
alone had no effect on U87MG cell morphology (Fig. 3Ad).

SEMAS3F inactivated RhoA, a member of the Rho family of
GTPases that stabilizes the F-actin cytoskeleton, within 15 min
(Fig. 3B, top). Pretreatment with DFO inhibited SEMA3F-
induced inactivation of RhoA (Fig. 3B, bottom). SEMA3F
inhibited U87MG cell migration (Fig. 3C). Pretreatment with
DFO abrogated the ability of SEMA3F to inhibit cell migration
(Fig. 3C, left). Importantly, these cell migration results using
DFO were very similar to those obtained by silencing NRP2
(Fig. 3C, right). These results indicate that hypoxia induces
loss of NRP2 expression in tumor cells and, as a functional
consequence, inhibits NRP2-dependent SEMA3F biological
activity.

Repression of NRP2 in tumor cells increases VEGF protein
levels in conditioned media. In addition to SEMA3F, VEGF
also binds to NRP2. It is well established that tumor cells express
VEGF and that hypoxia induces expression of VEGF in tumor
cells.*> Therefore, VEGF protein levels in conditioned media
(CM) were increased (Fig. 4A, bottom), concomitant with
NRP2 repression (Fig. 4A, top), when hypoxic conditions were
induced by DFO.

Tumor cells rarely express VEGFR-2; thus, they bind VEGF
solely via NRPs. We hypothesized that hypoxia may inhibit
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Figure 2. Hypoxia represses NRP2 at the transcriptional level. (A) U87MG glioblastoma and A375SM melanoma cells were maintained in either nor-
moxic or hypoxic conditions or treated with DFO for 24 h. NRP2 (top) and VEGF (bottom) mRNA levels were measured by quantitative PCR and normal-
ized to B2M mRNA. (B) A NRP2 luciferase promoter vector (top) or a HRE-driven reporter construct (bottom) were co-transfected with either control or

pcDNA3-HIF1-a vectors. Luciferase activities were measured after 32 h.

VEGF/NRP2 interactions through transcriptional repression of
NRP2 and consequently may increase VEGF protein levels in
CM. NRP2 levels were knocked down using two single NRP2
siRNAs and a pool of four individual NRP2 siRNAs (Fig. 4B).
NRP2 protein levels in U87MG cells were diminished efficiently
48 h after siRNA transfection (Fig. 4B, top). On the other hand,
silencing of NRP2 increased VEGF protein levels in CM by
2-2.5 fold compared with U87MG cells transfected with control
siRNA (Fig. 4B, middle). VEGF mRNA levels were not affected
by silencing NRP2 expression in tumor cells (Fig. 4B, bottom).
An increase in VEGF protein levels in CM was also observed
when NRP2 was silenced in another human glioblastoma cell
line, SF210 (Sup. Fig. 3). In another approach, VEGF binding
to NRP2 was inhibited using an anti-NRP2 antibody. The anti-
NRP2 antibody increased VEGF protein levels in CM as well
(Fig. 4C). It was concluded that silencing of NRP2 expression in
tumor cells inhibited VEGF/NRDP2 interactions and, as a conse-
quence, there were increased levels of VEGF, not bound to tumor
cells, that were released into CM.

Repression of NRP2 in tumor cells increases paracrine
VEGEF-induced EC function. It was explored whether loss of
NRP2 expression in tumor cells would affect VEGF/VEGFR-2
signaling in EC. VEGFR-2 phosphorylation increased in
HUVEC stimulated with VEGF (5 ng/ml) (Fig. 5A, lane 1 vs.
2). When HUVEC were stimulated with CM from U87MG
cells treated with DFO, phosphorylation of VEGFR-2 was
increased compared with HUVEC stimulated with CM from
U87MG cells left untreated (Fig. 5A, lane 3 vs. 4). These results
were consistent with hypoxia inducing tumor cell expression
and secretion of VEGF. Activation of p44/42 MAPK and p38
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MAPK, two downstream proteins in VEGF/VEGFR-2 sig-
naling, was observed in HUVEC stimulated with VEGF (5
ng/ml) (Fig. 5B, lane 1 vs. 2). Interestingly, when HUVEC
were stimulated with CM from U87MG cells transfected with
a pool of 4 NRP2 siRNAs, phosphorylation of VEGFR-2, as
well as phosphorylation of p44/42 MAPK and p38 MAPK,
were increased compared with HUVEC stimulated with CM
from U87MG cells transfected with a control siRNA (Fig. 5B,
lane 3 vs. 4).

CM from U87MG cells treated with DFO increased EC
migration compared with CM from U87MG cells left untreated
(Fig. 5C, left). Importantly, silencing of NRP2 in U87MG
cells increased EC migration by 2.5-fold (Fig. 5C, right). The
VEGFR-2 kinase inhibitor SU5416 totally inhibited the migra-
tion of these cells (Fig. 5C, right), confirming that these effects
are mediated by VEGEF/VEGFR-2 signaling,.

Sprouting of EC is an important property of angiogen-
esis. Therefore, we examined EC sprouting in a 3-dimensional
in vitro angiogenesis spheroid assay. HUVEC spheroids, with
defined size and cell number, were embedded in collagen gels and
then treated with either VEGF or CM from U87MG cells trans-
fected with control or a pool of four NRP2 siRNAs. Outgrowth
of capillary-like structures was assessed. VEGF-treated EC spher-
oids elicited numerous spontaneous sprouts (Fig. 6A vs. Band C).
CM from U87MG cells transfected with NRP2 siRNA increased
EC sprouting by 3-fold compared with CM from U87MG cells
transfected with control siRNA (Fig. 6D vs. E and F). Together,
these results show that hypoxia-induced repression of NRP2 in
tumor cells promotes VEGF-induced EC migration and sprout-
ing, two key steps of angiogenesis in vivo.
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Figure 3. Repression of NRP2 in tumor cells by hypoxia inhibits SEMA3F biological activity. (A) Confocal microscopy images of U87MG cells either left
untreated (a) or treated with SEMA3F (b), DFO and SEMA3F (c) or DFO alone (d). F-actin and nuclei were visualized using Alexa Fluor 488 phalloidin
(green) and Hoescht (blue), respectively. (B) UB7MG cells, either left untreated (top) or treated with DFO for 24 h (bottom), were given SEMA3F for 0-15
min. GTP-bound RhoA (active RhoA) and total RhoA levels in lysates were analyzed. (C) Transwell cell migration of U87MG cells either left untreated or
treated with DFO for 24 h (left) and U87MG cells transfected with control or NRP2 siRNAs for 72 h (right). SEMA3F was added to the lower wells.

Discussion

Tumor angiogenesis is mediated by a balance of angiogenesis
activators, such as VEGF, and angiogenesis inhibitors, such as
SEMA3F. VEGF and SEMA3F belong to two disparate fami-
lies, yet they bind the same receptor, NRP2." Here we provide
evidence that hypoxia, one of the key mediators of tumor angio-
genesis, causes transcriptional repression of NRP2 in tumor cells
with two consequent effects that promote tumor angiogenesis
and metastasis in vivo: (1) an increase in VEGF protein levels
in CM that enhances VEGF-induced angiogenesis; and (2) an
inhibition of the anti-tumorigenic activity of SEMA3F.
Glioblastoma and melanoma cells subjected to hypoxia or
treated with the hypoxia-mimetic agent DFO repressed NRP2
expression, at both the mRNA and protein levels. Cobalt and
MG132, which also mimic hypoxia by accumulating HIF-
a, also repressed NRP2 expression in tumor cells. Exogenous
HIF1-a, the hypoxia-induced subunit of the hypoxia-inducible
transcription factor HIF1, inhibited NRP2 expression as well.
Furthermore, DFO-induced NRP2 repression in tumor cells was
inhibited by HIFI-a siRNA, confirming that HIF1-a was nec-
essary and sufficient to repress NRP2 expression under hypoxic
conditions. Importantly, ectopic expression of HIF1-a directly
repressed NRP2 promoter activity, demonstrating that hypoxia
repressed NRP2 at the transcriptional level. HIF1-a activates
the transcription of target genes by binding to HRE within
target genes.> The presence of HRE has been demonstrated in
many pro-angiogenic genes such as VEGFE. However, instead of
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inducing expression, both hypoxia and HIF1-a overexpression
repressed NRP2 expression in tumor cells. Thus, we hypothe-
size that HIF1-a might repress NRP2 expression in an indirect
manner by inducing a transcription factor that directly binds
to the promoter region of the NRP2 gene and represses NRP2
expression.

NRPs are co-receptors of VEGFRI1-3 for VEGF in EC.1
NRP expression in EC increased VEGF binding to VEGFRs,
VEGEFR phosphorylation and VEGF-dependent VEGFR angio-
genic activities such as EC survival and chemotaxis."*7 Tumor
cells rarely express VEGFR-2, the major VEGFR; therefore,
NRPs represent the only VEGF receptors on tumor cells.!*?
We found that NRP2 repression in tumor cells increased VEGF
protein levels in CM, with no effects on VEGF mRNA levels.
This increase in VEGF protein levels promoted paracrine VEGF-
induced activation of EC VEGFR-2 and enhanced EC migration
and sprouting in a 3-dimensional in vitro angiogenesis spher-
oid assay, two key steps of tumor angiogenesis in vivo. We sug-
gest that, in the absence of NRP2, VEGF/NRP2 interactions
are inhibited and consequently there is increased VEGEF, not
bound to tumor cells, that is released into CM and activates EC
in a paracrine manner. Taken together, these results show that
NRP2 levels in tumor cells regulate VEGF-induced angiogenic
activities.

Hypoxia is one of the main activators of VEGF expression
in tumor cells through direct transcriptional activation by
HIFs.® However, hypoxia also upregulates VEGF at the non-
transcriptional level. For example, it has been shown previously
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Figure 4. Repression of NRP2 in tumor cells increases VEGF protein levels in conditioned media. (A) NRP2 and B-actin protein levels in U87MG cells
either left untreated or treated with DFO for 24 h. VEGF protein levels in CM are shown in the part below. (B) NRP2 and B-actin protein levels in UB7MG
cells transfected with either control, a pool of 4 NRP2 siRNAs or 2 different NRP2 siRNAs for 48 h. VEGF mRNA and protein levels in CM are shown in the
parts below. (C) VEGF protein levels in CM from U87MG cells incubated with anti-NRP2 antibody for 24 h.

that under hypoxic conditions, VEGF mRNA was stabilized
and VEGEF secretion was more efficient.‘**! Here, we show that
hypoxia increased VEGF protein levels in CM through tran-
scriptional repression of its receptor NRP2, providing a novel
mechanism by which hypoxia increases VEGF protein lev-
els and consequently promotes VEGF-dependent angiogenic
activities.

NRP2 is the sole receptor for SEMA3E. In tumor cells, bind-
ing of SEMA3F to NRP2 inactivated RhoA, resulting in depo-
lymerization of F-actin, inhibition of tumor cell migration and
invasion in vitro and inhibition of tumor growth and metastasis
in vivo."?**% Hypoxia did not have any effect on SEMA3F expres-
sion (data not shown). However, hypoxia-induced transcriptional
repression of NRP2 in tumor cells inhibited SEMA3F-induced
biological activity. On the other hand, in EC, VEGF/NRP2
interactions induced tumor angiogenesis, whereas SEMA3F/
NRP2 interactions induced EC repulsion in vitro and inhibited
tumor angiogenesis in vivo.'#*> Thus, inhibition or stimulation of
tumor angiogenesis and growth may be influenced by the relative
concentrations of VEGF and SEMAS3F in the tumor microenvi-
ronment. Our finding that hypoxia increases the ratio of VEGEF/
SEMA3F levels may be significant since the relative levels of these
two proteins in a hypoxic tumor may be used as a prognostic tool.
For example, in ovarian carcinoma, VEGF levels were elevated
whereas SEMAS3F levels remained low.%?

Nearly all tumor cells express NRP1, NRP2 or both.
Carcinomas express NRP1, whereas neuronal tumors and mela-
nomas predominantly express NRP2.” Our findings that hypoxia
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represses NRP2 expression in glioblastoma and melanoma cells
are in contrast with previous studies showing that hypoxia did
not affect NRP2 protein levels in either EC or human SUM-159
breast carcinoma cells.”” However, we found that NRP2 expres-
sion was repressed in four different hypoxic conditions—hypoxia,
DFO, cobalt and MG132—and in six human tumor cell lines,
including glioblastoma and melanoma cells. Furthermore, both
VEGF and HIF1-a were induced under the same hypoxic condi-
tions, providing a positive control for the hypoxia response. The
experimental approaches and conditions used in the two studies
were quite different. We analyzed the effect of hypoxia on NRP2
at the transcriptional level over a 24 h time period. In contrast,
Bae et al. examined the effects of hypoxia on NRP2 protein deg-
radation over a 6 h time period, which might have been insuf-
ficient time to transcriptionally repress NRP2. Thus, further
studies are needed to resolve these differences on NRP2 regula-
tion by hypoxia. On the other hand, we found that NRP1 was
transcriptionally repressed by hypoxia in U87MG cells, which
was in good agreement with previous studies including Bae et al.
showing that hypoxia decreased NRP1 levels in astrocytoma and

breast carcinoma cells.*>44

In summary, our results identify NRP2, a SEMA3F and
VEGF receptor, as a target of transcriptional repression by
hypoxia. Loss of NRP2 expression in tumor cells inhibits the
anti-tumorigenic activity of SEMA3F and increases the pro-
angiogenic activity of VEGF, two steps that promote tumor
angiogenesis and tumor growth in vivo. We conclude that
hypoxia regulates VEGF and SEMAS3F activities through
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Figure 5. Repression of NRP2 in tumor cells increases EC VEGFR-2 activation and migration. (A) Western blot showing phosphorylation of VEGFR-2
(Tyr1175) and total VEGFR-2 in HUVEC stimulated with either VEGF or CM form U87MG cells either left untreated or treated with DFO for 24 h. (B)
Western blot showing phosphorylation of VEGFR-2 (Tyr1175), p44/42 MAPK (Thr202/Tyr204), p38 MAPK (Thr180/Tyr182) and total VEGFR-2, p44/42
MAPK and p38 MAPK in HUVEC stimulated with either VEGF or CM from U87MG cells transfected with control or a pool of 4 NRP2 siRNAs for 48 h. (C)
Transwell cell migration of HUVEC. Media containing VEGF or CM isolated from U87MG cells either left untreated or treated with DFO for 24 h (left) or
CM from U87MG cells transfected with either control or a pool of 4 NRP2 siRNAs for 48 h (right) were added to the lower wells. When indicated, SU5416

transcriptional repression of their common receptor NRP2,
providing a novel mechanism by which hypoxia induces tumor
angiogenesis, growth and metastasis.

Materials and Methods

Cell culture. Human U87MG glioblastoma and A375SM mela-
noma cells were cultured as described in reference 35. Human
umbilical vein endothelial cells (HUVEC) purchased from
Lonza Inc. were cultured in EBM-2, supplemented with EGM-2
SingleQuots (Lonza Inc.).

Hypoxia. Hypoxia was created by placing the cells in a hypoxia
workstation (1% O,, 5% CO,, 37°C) for 24 h. Duplicate plates
were maintained in “normoxia,” a standard tissue culture incu-
bator maintained at 37°C with 21% O, and 5% CO,. In some
experiments, cells were treated with desferrioxamine (DFO) (250
wM, Sigma-Aldrich Corp.), MG132 (5 uM, Calbiochem) or
cobalt (250 uM, Sigma-Aldrich Corp.) for 24 h.

Transfections. The full-length human HIFl-a construct
cloned in the pCEP4 vector was purchased from ATCC. The
pCEP4-HIF1-a and the pcDNA3 (Invitrogen Corp.) vectors
were digested with Noz I and Kpn I. The HIF1-a insert and the
digested pcDNA3 vector were ligated together with the DNA
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ligation kit (Takara Bio Inc.). Cells were transfected using
Fugene6 reagent (Roche Applied Science).

siRNA knock down. HIF1-a and HIF2-a/EPAS siRNAs
were purchased from Santa Cruz Biotechnology, Inc. siRNAs
of NRP2 (SMARTpool M-017721-01, D-017721-02 and
D-017721-05) were purchased from Thermo Fisher Scientific. As
a control, a siRNA duplex with an irrelevant sequence (Ambion
Inc.) was used. Cells were transfected with 20 nM siRNA using
SilentFect reagent (Bio-Rad Laboratories).

Anti-NRP2. Goat anti-human anti-NRP2 antibody (R&D
Systems) (20 pg/ml) and normal goat immunoglobulin as a con-
trol were added to U87MG cells for 24 h.

Immunoblot. Cells were lysed and immunoblotted as
described previously in reference 35. Specific proteins were
detected after incubation with anti-NRP1, -NRP2, -HIF1-q,
-HIF2-a/EPAS (Santa Cruz Biotechnology, Inc.) and -B-actin
(Sigma-Aldrich Corp.) antibodies.

RNA isolation and analysis. Total RNA was isolated from the
cells using the RNeasy kit (Qiagen). cDNA was prepared using
Superscript I enzyme (Invitrogen Corp.) and 1 pg total RNA.
For real-time RT-PCR analysis, the DyNAmo Sybr-Green-based
system (New England BioLabs, Inc.) was used. Oligonucleotide
primers are listed in Supplemental Table 1. Reactions were run
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Figure 6. Repression of NRP2 in tumor cells induces in vitro angiogenesis. Representative images (left) and statistical summary (right) of 3-dimen-
sional spheroid-based in vitro angiogenesis assays, with HUVEC spheroids either left untreated or treated with VEGF (5 ng/ml) or CM from U87MG cells
transfected with either control or a pool of four NRP2 siRNAs. Extensive endothelial outgrowth can be observed in spheroids treated either with VEGF

on a LightCycler (Roche Applied Science). Each experiment was
done in duplicate and repeated three times.

Promoter luciferase constructs. The human NRP2 promoter
region was cloned from a human genomic PAC library as previ-
ously described in reference 45. A fragment spanning -2,037 to
-206 relative to the start codon at position +1 was obtained using
the following primers: forward 5-TCA AGT CAG AGA TCT
GGT AGT CAG GTG TGT GTT TCT C-3'; reverse 5-CAG
TGC TGC AAG CTT ATC AGC AAA GAG GGA ACA AGC
C-3". The PCR product was digested with Bg/ /I and Hind II]
and ligated into the Bg/ II/Hind III sites of the pGL3 basic lucif-
erase reporter vector (Promega Corp.) with the DNA ligation kit
(Takara Bio Inc.). An HRE-driven luciferase construct generated
to contain 3 HRE in a row was kindly provided by Dr. Jorge
Ruas (Dana-Farber Cancer Institute, Boston, MA).

Luciferase reporter assay. U87MG cells were transfected with
Fugene6 (Roche Applied Science). Briefly, U87MG cells were
transfected with 500 ng of the NRP2 or HRE promoter-lucifer-
ase constructs or pGL3 empty vector, 10 ng of a Renilla luciferase
vector (used as a transfection efficiency control) (Promega Corp.)
and either 0.5-1 pg of pcDNA3-HIF1-a plasmid or pcDNA3
control vector. After 36 h, cells were lysed and luciferase activities
were measured with the dual-Luciferase reporter Assay System
(Promega Corp.), with the reporter activities normalized to
Renilla luciferase activity. Each transfection was done in dupli-
cate and repeated at least three times.

Stress fibers. SEMA3F was purified as in reference 34.
U87MG cells were seeded on glass coverslips into 6-well plates
the day before the treatment. U87MG cells were treated with
DFO for 24 h followed by a 30 min incubation with 20 ng/ml
SEMAS3F. Cells were fixed and stained for F-actin as described
earlier in reference 34.
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RhoA activity. U87MG cells were treated with DFO and
SEMAB3F as described above. At the end of the experiment, Rho
activity assay was performed and quantified using the Rho acti-
vation assay kit (rhotekin pull-down) as described previously in
reference 34.

Secretion of VEGF. CM from U87MG cells were collected
and centrifuged for 20 min at 4°C. VEGF protein levels in CM
were measured by a sandwich enzyme immunoassay using a
VEGF Quantitative ELISA kit from R&D Systems, Inc.

Cell migration. Migration assays were performed in Transwell
chambers (Corning Inc.) as described eatlier in reference 34. Cells
that migrated through the filter after 16 h were stained and counted
by phase microscopy. The experiment was repeated three times in
duplicate. The results represent the average of the three experi-
ments. VEGF was provided by the National Cancer Institute.

Migration of US7MG cells. U87MG cells in MEM containing
0.5% FBS were treated with DFO for 24 h or transfected with
either control or NRP2 siRNAs for 72 h. US7MG cells (2 x 10%)
in serum-free MEM medium were added to upper wells. MEM
media containing 1% fetal bovine serum (FBS) and 320 ng/ml
SEMA3F were added to the lower wells.

Migration of HUVEC. CM from U87MG cells were collected
and filtered through a 0.45 pum filter. HUVEC (5 x 10*) in MEM
media containing 0.5% FBS were added to upper wells. MEM
media (600 pl) containing 0.5% FBS, 5 ng/ml VEGF and 1 g/
ml heparin were added to the lower wells. For experiments using
CM from U87MG cells, MEM media containing 0.5% FBS
(500 pl) plus CM isolated from U87MG (100 wl) and 1 pg/ml
heparin were added to the lower wells. Where indicated, 1 pM
SU5416 was added to the lower wells.

VEGEF signaling. CM from U87MG cells were collected and
filtered through a 0.45 pwm filter. VEGF-induced VEGFR-2,
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p44/42 MAPK and p38 MAPK phosphorylation was analyzed
as in in reference 46. Briefly, HUVEC were plated on 6-well
plates (400,000 cells/well). After two days, cells were starved
overnight in MEM media containing 0.5% FBS. The follow-
ing day, HUVEC were either left untreated, treated with VEGF
(5 ng/ml) or incubated with 1 ml of MEM media containing
0.5% FBS and 1 ml of CM from U87MG cells and 1 pg/ml hep-
arin. After a 10 min stimulation at 37°C, cells were washed with
PBS/pervanadate and lysed in RIPA buffer supplemented with
a protease inhibitor cocktail tablet (Roche) and pervanadate.
Equal amounts of lysates were boiled in SDS sample buffer for 10
min at 95°C and analyzed by SDS-PAGE. Then, proteins were
transferred onto polyvinylidene fluoride (PVDF) membranes and
immunoblotted with anti-phospho-VEGFR-2, -p44/42 MAPK
and -p38 MAPK antibodies (Cell Signaling Technology, Inc.).
Total proteins were detected after stripping the PVDF mem-
branes and re-blotting with anti-VEGFR-2, -p44/42 MAPK
and -p38 MAPK (Cell Signaling) or anti-B-actin antibodies as

into collagen gels and either left untreated or treated for 16 h with
5 ng/ml VEGF or CM from U87MG cells. In vitro angiogen-
esis was quantified by measuring the number of sprouts and the
cumulative length of sprouts that had grown out of each spheroid
using NTH Image] software. Ten to fifteen spheroids per experi-
ment group were analyzed.
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described above.

Spheroid-based angiogenesis assay. Early passage HUVEC

were suspended and aggregated overnight to form cellular spher-

oids (500 cells/spheroid). HUVEC spheroids

were embedded
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