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Angiogenesis is essential for primary tumor growth and metastatic dissemination. E2F1, frequently upregulated in advanced cancers,
was recently shown to drive malignant progression. In an attempt to decipher the molecular events underlying this behavior, we dem-
onstrate that the tumor cell-associated vascular endothelial growth factor-C/receptor-3 (VEGF-C/VEGFR-3) axis is controlled by E2F1.
Activation or forced expression of E2F1 in cancer cells leads to the upregulation of VEGFR-3 and its ligand VEGF-C, whereas E2F1 de-
pletion prevents their expression. E2F1-dependent receptor induction is crucial for tumor cells to enhance formation of capillary tubes
and neovascularization in mice. We further provide evidence for a positive feedback loop between E2F1 and VEGFR-3 signaling to stimu-
late pro-angiogenic platelet-derived growth factor B (PDGF-B). E2F1 or VEGFR-3 knockdown results in reduced PDGF-B levels, while the
coexpression synergistically upregulates promoter activity and endogenous protein expression of PDGF-B. Our findings delineate an as
yet unrecognized function of E2F1 as enhancer of angiogenesis via regulation of VEGF-C/VEGFR-3 signaling in tumors to cooperatively
activate PDGF-B expression. Targeting this pathway might be reasonable to complement standard anti-angiogenic treatment of cancers

with deregulated E2F1.
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Introduction

E2F1 was the first identified member of the E2F family of transcrip-
tion factors situated downstream of growth factor signaling cas-
cades and required for S-phase progression (Chen et al., 2009b).
E2F1 induces programmed cell death as part of an anti-tumorigenic
fail-safe mechanism critical for protecting the organism from malig-
nant transformation and suppressing tumor formation (Engelmann
and Putzer, 2010; Putzer and Engelmann, 2013). Yet, recent findings
indicate that E2F1 overexpression and the amplification of its gene
locus, phenomena frequently observed during cancer progression,
are associated with unfavorable patient survival, metastatic
disease, and resistance to chemotherapy (Han et al., 2003; Imai
et al., 2004). This gives rise to the conclusion that enhanced E2F1
levels may reflect gradual acquisition of biological capabilities fos-
tering different cancer hallmarks. According to clinical data, high
expression of this transcription factor and its related target genes
predict the change from superficial to invasive bladder cancer (Lee
et al., 2010). Binding of E2F1 to the gene promoter of the human
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androgen receptor (AR) that is essential for the initiation and pro-
gression of prostate cancer occurs in the absence of retinoblastoma
(RB) function (Sharma et al., 2010). Thus, loss of RB during cancer
progression correlates with increased E2F1 and AR levels in patients
with castrate-resistant prostate cancer metastases. Similarly, epi-
dermal growth factor receptor (EGFR) known as a metastatic
marker of cutaneous melanoma was shown to be directly regulated
by E2F1 (Alla et al., 2010). Others reported that the ability of E2F1 to
promote an aggressive phenotype is controlled by transcriptional
coregulators such as ATAD2 (Revenko et al., 2010). High levels of
E2F1 and ATAD2 are strongly associated with triple-negative
breast cancer, tumor metastasis, disease recurrence, and poor sur-
vival (Kalashnikova et al., 2010). Additional functional evidence that
endogenously high E2F1 levels cause malignant progression was
demonstrated in a human metastatic melanoma model where
E2F1 depletion abrogates tumorinvasion and pulmonary metastasis
(Alla et al., 2010).

The family of vascular endothelial growth factor (VEGF) receptors
modulates many endothelial cell (EC) functions during angiogenesis.
One member, VEGFR-3 (also known as FLT-4), is present in all endo-
thelia during embryonic development (Kaipainen et al., 1995).
Cancers that overexpress VEGF-C induce lymphangiogenesis by
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activating VEGFR-3 signaling in lymphatic ECs, which enhances meta-
static spread (Skobe et al., 2001). Upregulation of VEGFR-3 in the
microvasculature of tumors and wounds is required for angiogenic
sprouting and vascular network formation (Tammela et al., 2008).
Intriguingly, solid tumors and certain blood cancers also express
this receptor often together with its ligand VEGF-C (Su et al., 2006;
Chien et al., 2009; Kurenova et al., 2009). Observations in cancer
patients suggest that high levels of both VEGFR-3 and VEGF-C
cause poorer prognosis (Su et al., 2006, 2007). Su and co-workers
demonstrated that the autocrine VEGF-C/VEGFR-3 axis enhances
cancer cell mobility, invasiveness, and metastasis via up-regulation
of contactin-1 in a C/EBP-dependent manner (Su et al., 2006).
However, we still lack knowledge about mechanisms activating
the VEGF-C/VEGFR-3 system in tumor cells and further downstream
functions.

Inthis study, we demonstrate that VEGF-Cand its cognate receptor
VEGFR-3 are highly upregulated in malignant cells with abundant
E2F1 expression but downregulated in those cells depleted for
E2F1. This occurs via transcriptional control of both genes by E2F1.
Our results further define VEGFR-3 as a positive regulator of E2F1
in a feedback circuit, which directly coregulates angiogenic gene
expression in an E2F1-dependent manner. The identified E2F1-
VEGF-C/VEGFR-3 loop is a pivotal mechanism for tumor vasculariza-
tion in vivo and therefore carries high therapeutic potential.

Results
E2F1 regulates expression of VEGFR-3 and VEGF-C

We explored the influence of E2F1 transcriptional activity on the
expression of angiogenesis-regulating genes in cancer cells by
using TagMan arrays. We applied this approach on human melanoma
cell lines whose metastatic potential ranges from low in SK-Mel-29
cells to high in SK-Mel-147 cells depending on endogenous E2F1
protein levels (Alla et al., 2010). Angiogenic gene expression was
analyzed either in SK-Mel-147 cells transduced with E2F1-specific
shRNA or in SK-Mel-29 cells stably expressing 4OHT-inducible
ER-E2F1 fusion protein. Arrays revealed that E2F1 inhibition in
SK-Mel-147 cells was clearly associated with the reduction of
VEGFR-3 and VEGF-C transcript levels (Figure 1A, left). Vice versa, ac-
tivation of E2F1 in SK-Mel-29.ER-E2F1 cells caused a significant upre-
gulation of both VEGFR-3 and VEGF-C mRNAs comparable with their
endogenous levels in SK-Mel-147 cells. Overall, both genes showed
an E2F1-dependent expression pattern that resembled the pattern
for known E2F target genes like follistatin used as positive control
as verified by gPCR (Figure 1A, right). In contrast to VEGF-C, expres-
sion of another VEGFR-3 ligand, VEGF-D, was not affected by E2F1
regulation (Figure 1A).

To ascertain that VEGF-C/VEGFR-3 regulation is dependent on
E2F1, we inhibited, activated, or overexpressed E2F1 in different
cancer cell lines. Consistent with the TagMan array data, depletion
of E2F1 severely impaired VEGFR-3 expression in tumor cells
(Figure 1B). No difference on protein levels was observed between
parental and sh.control-expressing cells (Supplementary Figure
S1).Incontrast, VEGFR-3 mRNA and protein levels were substantially
upregulated in response to E2F1 in SK-Mel-29, H1299 (Figure 10),
SK-Mel-28, and MCF7 cells (Figure 1D). The link between E2F1 and
receptor expression was further substantiated by confocal micros-
copy on SK-Mel-29.ER-E2F1 cells after 40HT treatment where
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enhanced VEGFR-3 staining was visible (Figure 1E). Likewise, tran-
script and protein levels of VEGF-C increased in melanoma and
lung cancer cells upon E2F1 activation, but reduced in metastatic
melanoma cell lines expressing sh.E2F1 (Figure 1F). These results
imply that E2F1 is essential for tumor cells to promote expression
of the VEGF-C/VEGFR-3 system.

E2F1 binds and activates human VEGFR-3 and VEGF-C gene
promoters

To gain further insight into the mechanism of E2F1-dependent
VEGF-C/VEGFR-3 induction, SK-Mel-29 cells were cotransfected
with individual promoter reporter constructs and E2F1 expression
plasmid or empty vector. As shown in Figure 2A (left), the
VEGFR-384%/*55 promoter was stimulated through E2F1 in a dose-
dependent manner, which was in clear contrast to the DNA-binding-
deficient mutant. In coherence with enhanced luciferase levels,
sequence analysis revealed six putative E2F-binding motifs, which
clusteredinthe region from —849to — 118 of the VEGFR-3 promoter
(Figure 2B, left). The 5'-deletion mutants were used to identify the
core element required for direct VEGFR-3 regulation. Truncation
from —849 to —331 did not significantly affect promoter activation
through cotransfected E2F1. Deletion of the region between —331and
—118 that covered three putative binding sites completely abolished
the transactivating effect of E2F1 (Figure 2B, left). Promoter specificity
was confirmed by an empty expression vector and a promoter con-
struct lacking the transcription start site (A309). Chromatin
immunoprecipitation (ChIP) assays in SK-Mel-29.ER-E2F1 cells
demonstrated that E2F1 directly bound within the 153 bp element
(—311 to —158) bearing the proximal E2F motifs (Figure 2C, left).

Based on the prior findings (Figure 1F), we also tested whetherthe
VEGF-C gene directly responds to E2F1. To this end, increasing
amounts of E2F1 were coexpressed with a reporter plasmid in
which the VEGF-C~*%/*41% promoter region harboring a putative
E2F1-binding element consisting of two directly adjacent motifs
near the transcriptional start site (419 to +35) regulates luciferase
transcription. Our results indicated that dose-dependent activation
of this promoter by E2F1 occurred in a similar manner as that to the
VEGFR-3 promoter (Figure 2A, middle), whereas deletion of the E2F
motifs completely abolished the E2F1 response (Figure 2B, right).
The relevance of the 169 bp stretch +24 to +193 within the first
exon of the VEGF-C gene for E2F1-binding was confirmed by ChIP
(Figure 2C, left). In accordance with the recruitment of E2F1 to the
promoters of VEGF-Cand VEGFR-3, we observed increased luciferase
levels in SK-Mel-29.ER-E2F1 cells after transfection of promoter re-
porter constructs and treatment with 40HT (Figure 2C, right).

To determine whether other E2F family members are able to ac-
tivate VEGFR-3~84%/+55 or VEGF-C~*%/ *41°, |uciferase assays were
performed after cotransfection of E2F2 and E2F3a expression
vectors. We found that the VEGFR-3 promoter was, although to a
less extent, activated by both proteins. Whereas E2F3a increased
the activity of the VEGF-C promoter at a level comparable with
that of the VEGFR-3 promoter, E2F2 had no effect. However, com-
pared with E2F2 and E2F3a, E2F1 seems to be the primary activator
of VEGF-C/VEGFR-3 (Figure 2D).

VEGFR-3 expression is required for E2F1-induced angiogenic tubule
formation

VEGFR-3 is involved in the regulation of tumor angiogenesis
(Laakkonen et al., 2007). Considering our and others’ previous
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Figure 1 E2F1 regulates expression of tumor cell-associated VEGF-C/VEGFR-3. (A) Heat mapillustration of VEGFR-3 and VEGF-C transcript abundance
determined by TagMan qRT—PCR arrays in SK-Mel-147 cells expressing control or E2F1-specific sShRNA, and in stable SK-Mel-29.ER-E2F1 cells treated
with 40HT or solvent (control; left panel). Normalized mRNA expression is reported as a log, ratio. Blue shading represents low and red shading indi-
cates high levels of mMRNA. VEGFR-3 and VEGF-C levels were verified by PCR in SK-Mel-147 cells (using two sh.E2F1 constructs compared with sh.con-
trol as well as parental cells) and SK-Mel-29 cells (ER, stable SK-Mel-29.ER-E2F1 cells; P, parental SK-Mel-29 cells; right panels). VEGF-D was used as
negative control and follistatin (FST) as positive control. (B—D) RT—PCR and immunoblotting analyses of VEGFR-3 and E2F1 expression after sh.E2F1
treatment (B), E2F1 activation by 40HT (C), or E2F1 overexpression (D) in indicated cancer cell lines. Parental and sh.control cells served as controls.
(E) Subcellularlocalization of VEGFR-3 (red) and E2F1 (green) in SK-Mel-29.ER-E2F1 cells treated for 24 h with 40HT. Nuclei were counter-stained with
DAPI (blue) and fluorescence was visualized by confocal laser scanning microscopy (CLSM). Scale bar, 10 wm. (F) Detection of VEGF-C mRNA and

protein expression upon E2F1 depletion (top) or activation (bottom). Actin served as loading control.
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Figure 2 E2F1 directly interacts with human VEGFR-3 and VEGF-C promoters. (A) Relative luciferase activities measured 30 h after cotransfection of
VEGFR-3~84%/+55 or VEGF-C*%/ %1% promoter construct with increasing amounts (0.5, 1, 2, and 3 pg) of E2F1 expression plasmid or
DNA-binding-deficient E132 mutant (3 pg). Western blots confirm E2F1 and E132 protein expression after transfection (right). Actin was used
for equal loading. (B) Schemes of VEGFR-3 and VEGF-C promoter deletion constructs with relative locations of predicted transcription factor
binding sites. Luciferase activity was measured in response to E2F1 overexpression. (C) ChIP in SK-Mel-29.ER-E2F1 cells cultured 24 hin the pres-
ence or absence of 40HT using anti-E2F1 or IgG. Input represents 10% of sheared chromatin prior to immunoprecipitation (left). E2F1-dependent
VEGFR-3 and VEGF-C promoter reporter activities were detected in the absence or presence of 40HT (right). (D) Cotransfection Of VEGFR-37849/+55
or VEGF-C~4%/+41 promoter reporters and different E2F family members. E2F1, E2F2, and E2F3a expression was verified by western blotting.
Promoter activity is normalized to per mg protein and relative to empty vector.
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findings suggesting that some E2F1 target genes participate in the
process of angiogenesis (Stanelle et al., 2002; Pillai et al., 2010),
we hypothesized that the E2F1-VEGF-C/VEGFR-3 axis facilitates
the angiogenic potential of solid tumors. We first examined
whether overexpression or depletion of E2F1 in cancer cells alters
its ability to stimulate endothelial tubule formation. HUVECs
were plated on matrigel-coated wells and cultured with condi-
tioned media from SK-Mel-28 cells transfected with E2F1 or
SK-Mel-147 cells expressing shRNA against E2F1. Enforced E2F1
expression significantly increased tubule formation (Figure 3A,
left). In contrast, conditioned media from sh.E2F1-expressing
SK-Mel-147 cells reduced the capacity of ECs to form tubule-like
structures (Figure 3A, right), underscoring the pro-angiogenic
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activity of E2F1 in these cells. Furthermore, HUVECs were cultured
with supernatant from SK-Mel-147 cells depleted for VEGFR-3 or
expressing a dominant-negative (DN) receptor mutant that abro-
gates wild-type autophosphorylation (Karkkainen et al., 2000).
Interference with VEGFR-3 activity substantially reduced the angio-
genic potential of cancer cells leading to a decrease in HUVEC
tubule formation, mimicking the effect of E2F1 depletion
(Figure 3B). Increased tubule formation was detectable in the
culture with the supernatant from SK-Mel-28 cells expressing wild-
type VEGFR-3 (Figure 3C). Next, we tested the relative contribution
of tumor-associated VEGFR-3 expression on E2F1 to the angiogenic
potential. Strikingly, E2F1-induced formation of endothelial
tubule-like structures could be completely abolished by

A SK-Mel-28 SK-Mel-147 B SK-Mel-147 3
12 VEGFR-3
[ g e 2 os. D
[+ | vecrra | | pvecFR-3
E Actin — ] Actin _ I clin
£a0 g = €30
g § §25
£ 30 §2
52 5 Eis
10
i i
g o g o 2o
Empty (1) 2F1(2) Parental (1) sh.control (2) sh.E2F1 #1 (3) sh.E2F1 #2 (4) sh.control (1) sh.VEGFR-3 (2) Empty (1) DN-VEGFR-3 (2)
C SK-Mel-28 D SK-Mel-29 . ER-E2F1 SK-Mel-29 H1299.ER-E2F1 H1299
T T " ] 1
2 VEGFR-3 * % *
— B[ g '
Actin e 30
L=}
= = 25
£ £ 20
5 £ 15
i 2
K :
2 go
£
i -
4
4OHT: — + + + - + +
- sh.control:  + F - - + + == =
Empty (1)  VEGFR-3 (2) sh.VEGFR-3: — = + = = - + =
E 1 2 3 4 5 8§ SK-Mel-147 7 8 9 10 1 12
o — ———— o<
— - =| E2F1
= _— -—| ctin
* *
g 40 ‘
530
E
i 20
2 10
; - - |

sh.control (2)  sh.E2F1#1 (3) sh.E2F1#2 (4) +\?EGFR1:E5) j’égg;g’fs,

Parental (1)

sh.E2F1#1
sh.control (8)  ShEZF1#1(9) ShE2F1#2(10) LVEGF.C (1) +VEGF-C (12)

Parental (7) LI

Figure 3 Expression of E2F1 and VEGFR-3 in tumor cells is crucial to stimulate tubule formation of HUVECs. (A-D) HUVECs seeded on matrigel were
cultured with conditioned media from tumor cells overexpressing E2F1 or treated with sh.E2F1 (A), sh.VEGFR-3, DN-VEGFR-3 (B), wild-type VEGFR-3
(0), or 40HT in the presence of sh.VEGFR-3 (D). (E) Add-back experiment where VEGFR-3 and VEGF-C were restored to parental levels in E2F1 knock-
down cells. Capillary tube formation was monitored by phase contrast microscopy and quantified by Image) (scale bar, 100 wm). Each panel shows
representative images. Quantitative data are shown as bar graphs. Asterisks indicate statistical significance (P < 0.05) calculated by two-sided

t-test.
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conditioned media from SK-Mel-29.ER-E2F1 and H1299.ER-E2F1
cells in the presence of sh.VEGFR-3 (Figure 3D). Conditioned
media from parental cells exposed to 40HT did not have any influ-
ence on HUVECs. Finally, an add-back experiment was conducted
where VEGFR-3 and VEGF-C were restored in SK-Mel-147 E2F1
knockdown cells and showed a partial recovery of HUVEC tubule
formation in the absence of E2F1, demonstrating that E2F1 is im-
portant for VEGF-C/VEGFR-3 induced angiogenesis (Figure 3E).
Overall, our data clearly indicate that induction of VEGFR-3 by
E2F1 in cancer cells is required for ECs to form capillary tubes.
E2F1 and its transcriptional target VEGFR-3 promote
neovascularization in vivo

To assess whether the E2F1-VEGFR-3 axis in cancer cells affects
vessel formation in vivo, the dorsal skinfold chamber was used to
model tumor-induced angiogenesis. Endogenous E2F1 in
SK-Mel-147 cells was silenced by retrovirally delivered sh.E2F1
RNAs (#1, #2) and cells were transplanted below the skinfolds of
athymic nude mice. Epifluorescence video microscopy revealed
first signs of neovascularization on Day 3 and Day 5 in all groups,
characterized by formation of capillary buds and sprouts that origi-
nated from venular segments of host striated muscle capillaries
and postcapillary venules. The intensity of the angiogenic response
markedly differed in different groups. In mice that had received
sh.control-expressing SK-Mel-147 cells, the newly formed capillary
network was denser and displayed enhanced vessel ingrowth and
maturation compared with that in mice receiving sh.E2F1-expressing
cells (Figure 4A, right, IVM images). Quantitative analysis of tumor
vascularization over 2 weeks showed an increased relative functional
capillary density (FCD) of 291 + 77 cm/cm? in the control group on
Day 14 after transplantation versus 189 + 38 cm/cm? (#1) and
196 + 58 cm/cm2 (#2) in the E2F1-depleted groups (Figure 4A,
left). Differences in blood vessel formation were also evident in histo-
logical sections from tumor tissues of the dorsal skinfolds, demon-
strating a lower micro-vessel density in the E2F1-depleted groups
than in the control group (Figure 4A, right, H&E and CD31).

To determine the impact of VEGFR-3 activity in cells with high
E2F1 expression, sh.VEGFR-3 or DN-VEGFR-3 was stably integrated
into SK-Mel-147 cells. The modified cells were transplanted into
skinfolds and neovascularization was monitored as described
above. After 2 weeks, tumors originated from cells depleted for
VEGFR-3 (Figure 4B, top) or overexpressing the DN mutant
(Figure 4B, bottom) showed ~45% reduction in FCD compared
with each control group. Importantly, high vessel density induced
by E2F1 overexpression in SK-Mel-29 cells was significantly
decreased on Day 14 upon MAZ51 treatment or knockdown of
VEGFR-3 by shRNA to parental levels (Figure 4C). These results
show that E2F1 expression favors tumor vascularization via the
VEGFR-3.
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VEGF-C/VEGFR-3 signaling promotes a positive feedback loop
dffecting E2F1-dependent induction of platelet-derived growth
factor B

Adaption to hypoxia is a critical step for neovascularization, since
oxidative stress promotes the expression of pro-angiogenic cyto-
kines in tumors. Previously, it was shown that low levels of oxygen
activate the VEGF-C/VEGFR-3 system in MCF7 cells, while other
tumoral loops between VEGF family members and cognate receptors
remained unaffected (Simiantonaki et al., 2008). We cultured MCF7
and SK-Mel-28 cells with low endogenous E2F1 and VEGFR-3 levels
under hypoxic conditions and observed a strong increase in mRNA
(Figure 5A) and protein (Figure 5B) levels of both receptor and
ligand. In addition, E2F1 accumulated upon hypoxia, suggesting a
causative link to VEGF-C/VEGFR-3 upregulation (Figure 5B).
Increased expression of the VEGFC/VEGFR-3 system and E2F1 in
these cells was associated with enhanced levels of the
hypoxia-inducible cytokine platelet-derived growth factor B
(PDGF-B), which was stimulated by the VEGFR-3 pathway (Onimaru
et al., 2009) and was also found upregulated in our TagMan arrays
from tumor cells with activated E2F1. Hypoxic cells showed signifi-
cantly lower VEGF-C/VEGFR-3 expression when E2F1 was depleted
and this was accompanied by downregulation of PDGF-B
(Figure 5C, left). Importantly, inhibition of VEGFR-3 by its chemicalin-
hibitor MAZ51 prevented E2F1 accumulation in response to oxida-
tive stress and abrogated PDGF-B induction (Figure 5C, right). This
argues for a positive feedback loop between E2F1 and VEGF-C/
VEGFR-3 that regulates PDGF-B expression.

In line with this, we observed a decrease in E2F1 and PDGF-B ex-
pression after knockdown of VEGFR-3 in metastatic SK-Mel-147
cells that exhibit an E2F1-dependent pro-angiogenic phenotype in
vivo (Figure 5D, left), whereas VEGFR-3 overexpression in
SK-Mel-28 cells led to the upregulation of both E2F1 and PDGF-B
protein levels (Figure 5D, right). Receptor stimulation with a recom-
binant VEGF-C(Cys156Ser) mutant that selectively binds and acti-
vates VEGFR-3 resulted in a considerable induction of E2F1,
PDGF-B, as well as VEGFR-3 expression (Figure 5E). VEGF-C
(Cys156Ser)-dependent upregulation of PDGF-B, however, was not
accomplished in E2F1-depleted cells (Figure 5F), indicating that
PDGF-B regulation by VEGF receptor signaling occurs via E2F1.

Next, we examined whether PDGF-B is directly targeted by
E2F1. The experiment shown in Figure 6A revealed that this cyto-
kine was secreted into the supernatant of tumor cells overexpres-
sing E2F1 (Figure 6A). PDGF-B was downregulated after efficient
knockdown of E2F1 (Figure 6B, left) and became upregulated
upon E2F1 activation (Figure 6B, right). For luciferase assays,
the proximal promoter region of the human PDGF-B gene
ranging from —583 to +80 was cloned into the pGL3-basic re-
porter plasmid and cotransfected with wild-type or mutant E2F1

microvasculature visualized by epi-illumination fluorescence video microscopy (right, IVM). Scale bar, 200 um. Histology of SK-Mel-147 xeno-
grafts expressing sh.control or sh.E2F1 on Day 14 after transplantation on striated muscle tissue of the dorsal skinfold in nude mice (right).
Tissue sections were stained with hematoxylin-eosin (H&E) and CD31 (ab28364). Arrows indicate intratumoral vessels with erythrocytes
evident in the lumen. Scale bar, 50 wm. (B) Quantitative analysis of rFCD after transplantation of SK-Mel-147 cells expressing sh.VEGFR-3 (top;
n = 3/group) or DN-VEGFR-3 (bottom; n = 5/group). Representative [VM image of each group is shown. (C) The rFCD after transplantation of
SK-Mel-29 cells overexpressing E2F1 (n = 2), co-treated with MAZ51 (n = 3) or co-expressing E2F1 with sh.VEGFR-3 (n = 1) compared with con-

trols (n = 3). Representative VM image of each group is shown.
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Figure 5 E2F1 and VEGFR-3 establish a positive feedback loop in tumor cells that promotes PDGF-B expression. (A and B) Detection of VEGF-C,
VEGFR-3, E2F1, and PDGF-B mRNA (A) and protein (B) levels in MCF7 and SK-Mel-28 cells cultured under normoxic or hypoxic conditions. (C)
Mutual regulation of E2F1 and VEGF-C/VEGFR-3 and the effect on PDGF-B expression in MCF7 cells are shown by E2F1 knockdown using
sh.E2F1 (left) and selective inhibition of VEGFR-3 signaling using 10 uM MAZ51 (right). (D and E) Impact of VEGFR-3 knockdown (D, left),
VEGFR-3 overexpression (D, right), and VEGF-C(Cys156Ser) treatment at 50 ng/ml (E) on endogenous E2F1 and PDGF-B levels. (F) Analysis of
PDGF-B protein level in E2F1-depleted melanoma cells exposed to Cys156Ser. Actin was used for equal loading.

expression plasmid in SK-Mel-29 and MCF-7 cells. As shown in
Figure 6C, only E2F1 that bound to the PDGF-B~°%%/+8° promoter
induced a strong activation, while the E132 mutant did not.
Consistent with these results, we found that E2F1 directly asso-
ciated with a 360 bp DNA element (—223 to —583) in the prox-
imal PDGF-B promoter region spanning four putative E2F motifs
(Figure 6D). According to recent studies demonstrating that acti-
vated VEGF receptors are translocated to the nucleus (Santos
et al., 2007), and in case of EGFR interacting with DNA-binding
transcription factors such as E2F1 to activate target gene expres-
sion (Hanada et al., 2006), we anticipated that VEGFR-3 might co-
operate with E2F1 to regulate PDGF-B transactivation.
Fluorescence microscopy and Western blots of SK-Mel-147 cells
showed that E2F1 colocalizes with phosphorylated VEGFR-3 in
the nucleus of SK-Mel-147 cells (Figure 6E). ChIP assays using
VEGFR-3 antibody led to an enrichment of the proximal PDGF-B
promoter region bound by E2F1 (Figure 6F, top). The association

of VEGFR-3 with the PDGF-B E2F-site was abrogated in
sh.VEGFR-3-expressing cells, verifying the specificity of the ChIP
results. Moreover, binding of VEGFR-3 to the PDGF-B E2F-site
was solely detectable in SK-Mel-28 cells when exposed to
VEGF-C(Cys156Ser) (Figure 6F, bottom). We performed reporter
assays to examine whether VEGFR-3 facilitates E2F1-mediated
gene expression. As demonstrated in Figure 6G, overexpression
of VEGFR-3 in SK-Mel-29 cells stimulated transcription of the
PDGF-B promoter at a level comparable with that induced by
E2F1 (~15-fold). Furthermore, we showed that E2F1 and
VEGFR-3 acted synergistically on the PDGF-B promoter, resulting
in a strong (~70-fold) increase in luciferase activity, which was
also evident from Western blots of endogenous PDGF-B. As
VEGFR-3, like other receptor tyrosine kinases (RTKs), lacks a
DNA-binding domain, our data clearly suggest that VEGFR-3 func-
tions as a transcriptional coactivator in a complex with E2F1 tar-
geting the PDGF-B promoter.
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Figure 6 VEGFR-3 and E2F1 cooperatively regulate PDGF-B gene expression. (A) Detection of PDGF-B cytokine in the supernatant of MCF7 cells
overexpressing E2F1. (B) Endogenous PDGF-B expression after E2F1 knockdown (left) or in response to E2F1 activation by 40HT (right).
Parental SK-Mel-29 cells were used as control. (C) Luciferase activity of the human PDGF-B ~°83/+80 promoter at 30 h after cotransfection of wild-
type E2F1 or mutant E132. (D) /n vivo binding of E2F1 to the PDGF-B promoter was detected by ChIP using E2F1 antibody or control IgG. In the
precipitates by anti-E2F1 antibody, the EGFR promoter serves as positive control. Input lane, 10% of total chromatin. (E) Nuclear colocalization
of E2F1 and VEGFR-3 visualized by CLSM. Scale bar, 10 pwm. Nuclear and cytosolic fractions of SK-Mel-147 cells were analyzed for total or phos-
phorylated VEGFR-3 and E2F1. TBP and GAPDH are used as positive controls for protein separation. (F) Interaction of nuclear VEGFR-3 with the
E2F-site of the PDGF-B promoter in cells expressing control or VEGFR-3 shRNA (top) or after Cys156Ser treatment at 50 ng/ml (bottom). ChIP
assays were performed using anti-VEGFR-3 antibody and primers flanking the E2F1-binding region of the PDGF-B promoter. Input was used as
loading control; IgG served as negative control. (G) SK-Mel-29 cells were cotransfected with PDGF-B ™83/ +80 reporter construct, E2F1 and/or
VEGFR-3 expression plasmid. Western blots show endogenous PDGF-B expression of transfected SK-Mel-29 cells.

Discussion drive tumor development also by other cellular processes (Chen

The RB-E2F pathway is primarily known for the regulation of the
cell cycle. Surprisingly, in vivo studies using gene-targeting knock-
out strategies showed that E2Fs are indispensable for proliferation
(Chen et al., 2009a), suggesting that these transcription factors

et al., 2009b). Regulation of tumor angiogenesis seems to be an un-
anticipated E2F function. Initially, E2F1 was proposed to modulate
neovascularization based on the pattern of target genes identified
by microarray profiling (Stanelle et al., 2002). However, E2f1~/~
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mice displayed enhanced angiogenesis of tumor xenografts and
increased EC proliferation as a result of VEGF-A overproduction
(Qin et al., 2006). This unexpected observation is due to the cooper-
ation between E2F1 and p53 at the promoter level to repress VEGF-A
transcription in vascular cells, although other studies report a
p53-independent mechanism (Merdzhanova et al., 2010). These
results were in context with unique tumor suppressor function of
E2F1 within the RB-E2F pathway. On the contrary, VEGF-A stimula-
tion of ECs leads to the inhibition of Rb followed by E2F1 activation
thatis crucial for proper EC function (Pillai et al., 2010), and corrobo-
rates previous research indicating that E2F1 promotes EC growth and
suppresses apoptosis (Goukassian et al., 2003). It is therefore ap-
parent that the role of E2F1 in vascular biology is more complex
than expected and might be exploited in cancers.

E2F1isfrequently overexpressed in aggressive tumors and asso-
ciated with increased cancer morbidity. We and others recently
demonstrated its pro-metastatic activity (Alla et al., 2010;
Johnson et al.,, 2012) and the relevance to chemoresistance
(Millour et al., 2011; Alla et al., 2012), and suggested a functional
switch of E2F1 fromatumorsuppressorin untransformed tissuesto
an oncogene capable to promote cancer progression independent
ofits proliferative activity in malignant cells (Chen et al., 2009b; Alla
etal., 2010; Engelmann and Putzer, 2012). Based on our prior data
and attributed to its potential role as a positive regulator of
pro-angiogenic target genes, we proposed that deregulated E2F1
can induce angiogenesis, invasion, and metastasis from original
tumor (Stanelle et al., 2002). In this regard, RTKs expressed in
cancer cells play an important role in tumor progression via auto-
crine interaction with corresponding ligands. Since many tumors
coexpress VEGFR-3 and VEGF-C, tumor cell-autonomous VEGFR-3
signaling receives growing attention (Su et al., 2006; Kurenova
etal., 2009). Our study unravels a hitherto unknown E2F1-depend-
ent mechanism of activation of the VEGF-C/VEGFR-3 axis in cancer
cells. We demonstrate that upregulation of receptor and ligand
depends on E2F1 by direct interaction with their gene promoters.
Coregulation of VEGF-C/VEGFR-3 by E2F1 stimulates cultured ECs
to form tubule-like structures and promotes formation of new
blood vessels in vivo. In melanoma xenografts, specific inhibition
of either E2F1 or VEGFR-3 considerably impaired tumor neo-angio-
genesis. Thus, our results extend previous findings that VEGF-C
promotes angiogenesis in leukemic cells via the VEGFR-3/JNK/
AP-1 pathway (Chien et al., 2009) and point towards the relevance
ofthe E2F1-VEGF-C/VEGFR-3 axis in cancer biology by acting direct-
ly on tumor cells. In addition, the data provide first evidence for the
contribution of this axis to solid tumor angiogenesis.

Further insight was provided into the mechanism by which E2F1
regulates tumor-related angiogenic VEGFR signaling downstream
of the receptor. Our study revealed that E2F1 is activated by
VEGFR-3 in a positive feedback loop and they cooperate in the
nucleus to transactivate PDGF-B directly implicated in EC activation
(Battegay et al., 1994; Guo et al., 2003). That VEGF-C/VEGFR-3
pro-angiogenic signaling strongly relies on the cooperation with
E2F1 within a feedback loop is also visible from the add-back experi-
ment in E2F1 knockdown cells, where full recovery of HUVEC tubule
formation by VEGF-C/VEGFR-3 was not achieved in the absence of
E2F1. We detected high levels of E2F1 together with phosphorylated
VEGFR-3 in the nuclear fraction of metastatic SK-Mel-147 cells.
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Overexpression of E2F1 in MCF-7 cells at levels comparable with en-
dogenous E2F1 in aggressive melanoma cells mediates strong
PDGF-B secretion. Moreover, this cytokine is significantly reduced
in SK-Mel-147 cells following E2F1 depletion. This implies striking
similarities of the E2F1-VEGF-C/VEGFR-3-PDGF-B axis with nuclear
EGFR signaling. It has been reported that activated EGFR translo-
cates to the nucleus and drives expression of genes associated
with cancer progression (Lo and Hung, 2006). As EGFR lacks a
DNA-binding domain, nuclear EGFR cooperates with promoter-
bound E2F1 to transactivate B-Myb target gene expression
(Hanada et al., 2006). Together with the observed nuclear colocali-
zation of E2F1 and VEGFR-3, our ChlIP data provide confirmatory evi-
dence that the VEGFR-3, like EGFR, functions as transcription
cofactor in PDGF-B promoter activation. Although we have not
proven how E2F1-induced VEGF-C/VEGFR-3 signaling upregulates
E2F1 expression in this feedback circuit, it might be accomplished
through the cooperative activity of E2F1/VEGFR-3 on the E2F1 pro-
moter as well. On the background that E2F1 is a driving force of mel-
anoma metastasis, which occursvia direct upregulation of EGFR (Alla
et al., 2010), we suggest a model in which a single transcription
factor initiates different aspects of cancer progression by exploiting
several RTKs. These findings substantiate observations that poor
survival of cancer patients is strongly associated with co-expression
of PDGF-B and VEGFR-3 (Donnem et al., 2010).

Moreover, the contribution of E2F1 to the angiogenic potential of
tumor cells was previously attributed to its interaction with mutant
p53 that positively controls ID4 expression as shown in p53-deficient
H1299 lung cancer cells overexpressing mutant p53 (Fontemaggi
et al., 2009). In these cells, we found that E2F1 upregulates
VEGF-C/VEGFR-3 in the absence of either wild-type or mutated
p53, underscoring the significance of the E2F1-VEGF-C/
VEGFR-3-PDGF-B cascade as an independent mechanism by which
solid tumors recruit their vascularization.

Normal anti-angiogenic therapy causes hypoxic responses of
tumors that trigger a series of adaptive changes leading to a resist-
ant phenotype (Abdollahiand Folkman, 2010). Hypoxiais an essen-
tial stimulus for the upregulation of autocrine signaling in tumor
cells (Simiantonaki et al., 2008). Under hypoxia, VEGF-C/VEGFR-3
is upregulated via E2F1 in several cancer cell lines resulting in
the induction of PDGF-B. In line with clinical observations
(Bergers and Hanahan, 2008), our results explain how current anti-
angiogenic treatment rather promotes tumor progression than
ameliorates patient survival. Thus, specific interruption of the
angiogenic E2F1-VEGF-C/VEGFR-3 pathway should be the focus
of future drug development.

Materials and methods
Cell culture and reagents

SK-Mel-28, -29, -103, and -147 cells were maintained as previous-
ly described (Allaetal.,2010). HEK293T, H1299, and MCF7 cells were
obtained from ATCC and maintained in DMEM with 10% serum.
HUVECs purchased from Invitrogen were cultured in EBM-2 supple-
mented with growth factors (EGM-2 bullet kit, Lonza). Stable
SK-Mel-29.ER-E2F1 and H1299.ER-E2F1 cells were described previ-
ously (Alla et al., 2010; John et al., 2011) and were treated with
1 WM 40HT. For VEGF-C(Cys156Ser) stimulation, serum-starved
cells were stimulated at 50 ng/ml for 24 h. Oxygen deprivation
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was carried out in an incubator with 1% 05, 5% CO-, and 94% N, for
24 h. Transfections were performed using TurboFect (Thermo
Scientific). E2F1 and E132 plasmids were described before (Alla
et al., 2010). The pCMV-VEGF-C expression plasmid was purchased
from OriGene (SC116730). VEGFR-3 and VEGF-C promoter reporter
plasmids, cDNAs for wild-type and DN VEGFR-3(G857R) were
described before (Suzuki et al., 2005; Sapoznik et al., 2009; Flister
et al, 2010). The VEGF-C promoter deletion mutant was
PCR-amplified from wildtype promoter plasmid and cloned into
p-Luc using Hindlll and Xhol restriction sites. The mutant clone
was verified via sequencing (for oligos see Supplementary Table S1).
Viral vectors

Lentiviral plasmids (pLKO.1-puro) encoding sh.E2F1 (TRCN250,
TRCN253) and sh.control (SHC002) were purchased from
Sigma-Aldrich. VEGFR-3-specific shRNA was described before
(Kurenova et al., 2009). The cDNA of DN-VEGFR3(G857R) was cut
from pcDNA3 by BamHI/Xbal restriction and ligated into pWPXL
(Addgene). VSV-G enveloped pseudotyped lentiviral vectors were
generated by cotransfection of HEK293T cells with plasmids of
pMD2.G and psPAX2 (Addgene) using calcium phosphate.
gRT-PCR

Quantitative RT-PCR was performed as previously described
(Engelmann et al., 2010). Briefly, RNA was reverse-transcribed
using First Strand cDNA Synthesis Kit (Thermo Scientific) and
Oligo-dT primer. cDNA samples were mixed with iTaq Universal
SYBR Green Supermix (Bio-Rad) and analyzed on iQ™5
Multicolor Real-Time PCR Detection System. For primer sequences
see Supplementary Table S1.
Tube formation assay

Cancer cells were cultured in EBM for 24 h and supernatant was
collected. Matrigel (BD) was added to p.-Slides (ibidi) followed by
incubation for 60 min at 37°C. HUVECs (7000 cells/10 wl gel)
grew in conditioned media for 8 h. Capillary tube formation was
monitored by phase contrast microscopy and quantified using
Image) (NIH).
Immunoblotting and immunofluorescence

Equal amounts of proteins were separated by SDS—PAGE, trans-
ferred to nitrocellulose membranes (Amersham), and probed with
primary antibodies against E2F1 (KH95, BD), E2F2 (C-20), E2F3
(C-18), PDGF-B (H-55), VEGFR-3 (C-20), VEGF-C (H-190) from Santa
Cruz, phospho-VEGFR-3 (pc460, Calbiochem), and actin (Sigma).
For immunofluorescence, cells grown on glass slides were fixed
with paraformaldehyde, permeabilized with Triton X-100, blocked
with BSA, and incubated with primary antibodies overnight. After
washing with PBS, cells were incubated with fluorescence-labeled
(Alexa-488, Cy5) secondary antibody (Molecular Probes) for
45 min. Images were obtained using an inverted confocal laser scan-
ning microscope (Zeiss, ELYRA PS.1).
RNA isolation, RT—-PCR, and TagMan human angiogenesis array

Total RNA was extracted with NucleoSpin® (Machery-Nagel) and
reverse-transcribed using cDNA Synthesis Kit (Applied Biosystems).
PCR amplification was performed by using peqGOLD Master-Mix
(Peqlab). Primer sequences are available in Supplementary material.
TagMan Human Angiogenesis Arrays (384-well microfluidic card)
were purchased from Applied Biosystems. Real-time PCR was
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performed using the 7900HT Fast Real-Time PCR System (Applied
Biosystems).
PDGF-B promoter cloning, luciferase reporter assay and chromatin
immunoprecipitation

A DNA fragment containing 583 bp of the 5" upstream region of
PDGF-B and 80 bp of exon 1 was amplified by PCR from human
genomic DNA and subcloned into pcDNA3.1, digested with Kpnl/
Xhol and ligated into pGL3-basic. Luciferase activity was measured
30 h after transfection using the Luciferase Reporter Assay System
(Promega) and normalized to total protein concentration in cell
extracts. ChIP assays were performed essentially as described
(Engelmann et al., 2010). Protein-DNA complexes were immuno-
precipitated using antibodies described above or control IgG. For
primer sequences see Supplementary Table S1.
Dorsal skinfold chamber assay, intravital microscopy, and
histology

Dorsal skinfold chambers were surgically implanted in male
NMRI nude mice as reported previously (Abshagen et al., 2009).
Animals were allowed 3 days to recover from surgery.
Subsequently, SK-Mel-147 cells (4 x 10°) were transplanted into
the center of the chamber. IVM was performed on Day 3, 5, 7, 10
and 14 after transplantation. Animals were anesthetized by an
intraperitoneal injection of ketamine /xylazine prior to the proced-
ure. Then, 0.1 ml of fluoresceinisothiocyanate-conjugated dextran
(FITC-dextran, MW 150 kDa; 2%) was administered via retro-bulbar
injection shortly before microscopy to attain contrast enhancement
of individual microvessels by blue light epi-illumination. Images
were captured by a CCD video camera (Pieper) and transferred to
a digital versatile disc system (Pioneer). IVM was followed by
offline computer assisted assessment of the dynamic tumor
neo-angiogenesis (Caplmage, Zeintl) including measurement of
tumor area (TA) and vascularized tumor area (VTA) as well as
FCD, i.e. the length of perfused capillaries per area of vascularized
tumor. Relative VTA (rVTA) and relative FCD (rFCD) were calculated
from VTA, TA, and FCD according to the formulae rVTA = VTA/TA
and rFCD = FCD x rVTA. Animals were sacrificed on Day 14 after
transplantation and tumor-bearing skinfolds were dissected en
bloc, fixed in formalin, and embedded in paraffin. Paraffin-embed-
ded tumor-bearing skinfolds were cut for 4 pwm sections, mounted
on slides, and stained with hematoxylin-eosin and anti-CD31 anti-
body (ab28364, Abcam) according to standard procedures. All
animal experiments were approved by the local animal care com-
mittee.

Supplementary material
Supplementary material is available at Journal of Molecular Cell
Biology online.
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