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Abstract 

Hypoxic zones are common features of metastatic tumors. Due to inactivation of the von Hippel-Lindau 
gene (VHL), renal cell carcinomas (RCC) show constitutive stabilization of the alpha subunit of the 
hypoxia-inducible factor (HIF). Thus, RCC represents a model of chronic hypoxia. Development of the 
lymphatic network is dependent on vascular endothelial growth factor C (VEGFC) and lies at the front 
line of metastatic spreading. Here, we addressed the role of VEGFC in RCC aggressiveness and the 
regulation of its expression in hypoxia. 
Methods: Transcriptional and post transcriptional regulation of VEGFC expression was evaluated by 
qPCR and with reporter genes. The involvement of HIF was evaluated using a siRNA approach. 
Experimental RCC were performed with immuno-competent/deficient mice using human and mouse 
cells knocked-out for the VEGFC gene by a CRISPR/Cas9 method. The VEGFC axis was analyzed with an 
online available data base (TCGA) and using an independent cohort of patients. 
Results: Hypoxia induced VEGFC protein expression but down-regulated VEGFC gene transcription and 
mRNA stability. Increased proliferation, migration, over-activation of the AKT signaling pathway and 
enhanced expression of mesenchymal markers characterized VEGFC-/- cells. VEGFC-/- cells did not form 
tumors in immuno-deficient mice but developed aggressive tumors in immuno-competent mice. These 
tumors showed down-regulation of markers of activated lymphocytes and M1 macrophages, and 
up-regulation of M2 macrophages markers and programmed death ligand 1 (PDL1). Over-expression of 
lymphangiogenic genes including VEGFC was linked to increased disease-free and overall survival in 
patients with non-metastatic tumors, whereas its over-expression correlated with decreased 
progression-free and overall survival of metastatic patients. 
Conclusion: Our study revisited the admitted dogma linking VEGFC to tumor aggressiveness. We 
conclude that targeting VEGFC for therapy must be considered with caution. 
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Introduction 
The incidence of renal cell carcinoma (RCC) has 

increased during the last decade. Surgical resection of 
small and non-invasive tumors detected by chance is 

curative most of the time. However, metastatic RCC is 
intrinsically resistant to radio- and chemo-therapy, 
which worsens the prognosis. Mutation/inactivation 
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of the von Hippel-Lindau (VHL) gene, an E3 ubiquitin 
ligase that regulates the stability of the 
hypoxia-inducible factor-1 or -2α (HIF-1α, HIF-2α), 
occurs in almost eighty percent of RCC. The 
subsequent stabilization of HIF-1α leads to over- 
expression of VEGF and exacerbated vascularization. 
Therefore, RCC represents a paradigm for the use of 
anti-angiogenic (AAG) therapies. These treatments 
together with previous treatments with interleukin 2 
or interferon have changed the survival rate of 
patients with metastatic disease from a few months to 
several years in the most favorable cases [1]. 
However, in the case of relapse, death generally 
occurs within a few months. The first-line reference 
treatment is sunitinib, an inhibitor of tyrosine kinase 
receptors (TKI) including the VEGF (VEGFR1/2/3), 
PDGF, CSF1 receptors and c-Kit [2]. At relapse on 
sunitinib, other TKIs or mTOR inhibitors are available 
for second- or third-line treatments including axitinib 
[3], pazopanib [4], cabozantinib [5], lenvatinib [6] and 
everolimus [7]. Immuno-therapies have also shown 
promising results in first-line treatment or after 
relapse on sunitinib [8, 9]. However, these treatments 
are not curative. Therefore, understanding the 
mechanism of metastatic propagation from an 
indolent disease in non-metastatic patients (M0) to a 
more aggressive pathology in metastatic patients (M1) 
and of relapse on treatment may bring to light new 
therapeutic strategies.  

The lymphatic network has long been 
considered as an inert system for the return of 
interstitial fluids to the bloodstream and drainage of 
leukocytes and antigens to the lymph nodes [10]. It 
transports the tumor cells to the lymph nodes where 
they are eliminated by immune cells. This system 
therefore constitutes a natural barrier to metastatic 
dissemination. However, tumor cells migrating to the 
lymph nodes produce VEGFC, a growth factor for 
lymphatic endothelial cells [11]. The neo-formed 
lymphatic vessels bypass the lymph node and 
accelerate the propagation of the tumor cells to the 
next lymph node and then to other organs [12]. 
Therefore, the lymphatic network represents an 
important route of dissemination of tumor cells. The 
number of invaded lymph nodes correlated with the 
severity of the disease. Therefore, detection of the 
sentinel lymph node has become a routine practice in 
hospitals. At this stage, clinicians are faced with a 
serious situation limiting the therapeutic options. This 
observation highlights two antagonistic roles of the 
lymphatic vessels: a beneficial effect in the initial 
phase of tumor development and a detrimental effect 
when the lymphatic network is tumor bearing [13]. 

This antagonism has not been addressed in 
depth and deserves to be investigated. We recently 

reported that the different TKIs used for the treatment 
of metastatic RCC, including sunitinib, stimulate the 
development of lymphatic vessels in experimental 
tumors and in tumors from patients treated in a 
neo-adjuvant setting [14]. These results suggested that 
TKIs reduce the tumor burden but favor metastatic 
dissemination. Our study reconciles in part the results 
of preclinical studies showing that AAG may elicit 
metastatic cell phenotypes compromising 
tumor-reducing benefits [15, 16]. However, these 
results were not confirmed by clinical trials showing 
that TKI do not stimulate tumor growth in patients 
with metastatic RCC [17]. 

Understanding the different roles of the 
lymphatic network and studying the molecular actors 
involved in its development represent major 
therapeutic issues. The major growth factor of 
lymphatic endothelial cells is VEGFC. However, only 
the regulation of its mRNA has been addressed in 
response to growth factors and oncoproteins [18]. 
Only the sine oculis (SIX1) gene and its co-activator 
eye absent homolog 2 (EYA2) were reported to 
up-regulate VEGFC transcription and to favor 
metastatic dissemination of breast cancer cells via the 
lymphatics [19, 20]. A close correlation exists between 
reduced survival, presence of hypoxic zones and high 
levels of VEGFC in these areas [21]. Conventional or 
targeted radio- and chemo-therapy induce 
intra-tumor hypoxia [22] and production of VEGFC 
[14, 23]. Hypoxia is a pathophysiological condition for 
the selection of aggressive tumor cells and is 
dependent on HIF-1 and/or -2. HIF-1 has tumor 
suppressor characteristics whereas HIF-2 has 
oncogenic properties in RCC [24]. Testing the role of 
hypoxia in RCC cells and the involvement of HIF-1 or 
-2 appears inappropriate since HIF-1 and/or HIF-2 
are constitutively present because of VHL inactivation 
in 80% of cases. However, a small fraction of tumors 
present an active form of VHL and these tumors have 
the poorest prognosis [25]. Therefore, these fast 
growing tumors may present hypoxic zones with 
subsequent induction of HIF-1, 2. 

The presence of lymphatic vessels and the 
metastatic potential of tumors have been studied 
extensively but these investigations have mainly been 
performed on advanced tumors. The role of lymphatic 
vessels on non-metastatic (M0)/metastatic (M1) 
tumor aggressiveness has not been investigated. In 
addition, knowledge of the molecular mechanisms 
responsible for the expression of VEGFC at diagnosis 
and in response to treatments is a major research 
issue. Controlling VEGFC's action on lymphatic vessel 
development would improve the effectiveness of 
current treatments.  

Lymphatic metastasis is the main dissemination 
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pathway in many solid tumors. We recently 
discovered that the formation of new lymphatic 
vessels in AAG-resistant RCC is primarily induced by 
VEGFC [14]. However, little is known about the 
regulation of VEGFC expression and its direct roles in 
RCC development and metastasis.  

We show here that the basal expression of 
VEGFC depended on HIF-2 in VHL-deficient RCC cell 
lines. Hypoxia, a common feature of metastatic 
tumors, further stimulated VEGFC protein expression 
at both transcriptional and post-transcriptional levels, 
in which NF kappa B (NFκB) was involved. Whereas 
tumors developed rapidly and metastasized in 
immuno-competent mice, their growth was greatly 
inhibited in immuno-deficient mice. Our findings 
suggest that VEGFC regulation by hypoxia is subtle 
and depends on hypoxia in a HIF-2-dependent 
manner. VEGFC appears to be beneficial or 
detrimental for tumor growth. Thus, targeting VEGFC 
should be considered with caution for the treatment 
of RCC patients. 

Methods 
Reagents and antibodies 

Sunitinib was purchased from Selleckchem 
(Houston, USA). Anti-ARD1 antibodies were 
home-made and previously described [26]. Anti-Twist 
and anti-P65 antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Slug 
and anti-phospho P65 antibodies were from Cell 
Signaling Technology (Beverly, MA, USA). 
Anti-HIF-2α antibodies were from Novus Biologicals 
(Littleton, CO, USA). 

Cell culture 
786-0 (786), RCC4 (R4) and RENCA RCC cell 

lines were purchased from the American Tissue 
Culture Collection. RCC10 (R10) cells were a kind gift 
from Dr. W.H. Kaelin (Dana-Farber Cancer Institute, 
Boston, MA) and derived in the laboratory of Dr KH 
Plate [27]. These cells present a difference in 
sensitivity to HIF-2α antagonists [28]. RENCA cells 
express a wild-type form of VHL, whereas the VHL 
gene is inactivated in R4, R10 and 786 cells. RENCA 
cells are mouse cells syngenic of Balb-C mice. R4, R10 
and 786 are of human origin. 

Immunoblotting 
Cells were lysed in buffer containing 3% SDS, 

10% glycerol and 0.825 mM Na2HPO4. 30 to 50 μg of 
proteins were separated on 10% SDS-PAGE, 
transferred onto a PVDF membrane (Immobilon, 
Millipore, France) and then exposed to the 
appropriate antibodies. Proteins were visualized with 
the ECL system using horseradish peroxidase- 

conjugated anti-rabbit or anti-mouse secondary 
antibodies. 

Quantitative real-time PCR (qPCR) 
experiments 

One microgram of total RNA was used for 
reverse transcription using the QuantiTect Reverse 
Transcription kit (QIAGEN, Hilden, Germany), with a 
blend of oligo (dT) and random primers to prime 
first-strand synthesis. SYBR master mix plus 
(Eurogentec, Liege, Belgium) was used for qPCR. The 
mRNA level was normalized to 36B4 mRNA. Oligo 
sequences of the VEGFC mRNA have already been 
described [14]. A list of the primers used in the 
manuscript is given in Table S1. 

Genomic disruption of VEGFC using CRISPR- 
Cas9 

786-O or RENCA cells were transfected with 
PX458 plasmids containing CRISPR-Cas9 targeting 
regions of the first exon of the VEGFC gene using 
JetPRIME (Polyplus). Control cells were obtained by 
transfecting the empty plasmid. The pSpCas9 
(BB)-2A-GFP (PX458) plasmid was a gift from Dr. 
Feng Zhang (Addgene plasmid # 48138) [29]. The 
sgRNA sequence that we cloned into the vector to 
target the VEGFC gene was: 5’-GAGTCATGAGTT 
CATCTACAC-3’ for the human gene and 5’- 
GACCGTCGCCGCCTTCGAGTC -3’ for the mouse 
gene. As the PX458 plasmid contains GFP, cells were 
first sorted using flow cytometry to obtain cells 
containing the CRISPR-Cas9 and followed by clonal 
selection and screening. Sequencing of human 
genomic DNA to confirm the mutations leading to 
VEGFC invalidation was performed using the 
following primers: forward, 5’- TTGTGTTAGGGAA 
CGGAGCAT-3’; reverse, 5’-AGAACCAGGCTGGCA 
ACTTC3’. 

Tumor xenograft experiments 
Ectopic model of RCC: Five million 786-O or 105 

RENCA cells were injected subcutaneously into the 
flank of 5-week-old nude (nu/nu) or Balb-C mice 
(Janvier, France) respectively. Three-month-old 
six1flox/flox; RosaCreERt2 mice (six1-/-) were given 
intraperitoneal injection of tamoxifen (1 mg per 
mouse per day; Sigma) for five consecutive days. Two 
weeks later, injection of 105 RENCA cells was 
performed. Days three and four after cells injection, 
mice received again an injection of tamoxifen [20]. 
eya2 knock-out mice (eya2-/-) [30] and corresponding 
littermates were injected with an equivalent number 
of RENCA cells. The tumor volume was determined 
with a caliper (V = L × W2 × 0.5). This study was 
carried out in strict accordance with the 
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recommendations in the Guide for the Care and Use 
of Laboratory Animals. Our experiments were 
approved by the ‘‘Comité national institutionnel 
d’éthique pour l’animal de laboratoire (CIEPAL)’’ 
(reference: NCE/2013-97).  

Measurement of cytokines 
After stimulation, the cell supernatant was 

recovered for VEGFC measurement using the Human 
DuoSet ELISA kit (R&D Systems, MN, USA). A 
specific ELISA kit was used to evaluate mouse 
VEGFC (LifeSpan Biosciences, WA, USA). 

Luciferase assays 
Transient transfections were performed using 2 

µL of lipofectamine (GIBCO BRL) and 0.5 µg of total 
plasmid DNA-renilla luciferase in a 500 µL final 
volume. The firefly control plasmid was 
co-transfected with the test plasmids to control for the 
transfection efficiency. 24 h after transfection, cell 
lysates were tested for renilla and firefly luciferase. 
All transfections were repeated four times using 
different plasmid preparations. LightSwitch™ 
Promoter Reporter VEGFC (S710378) and 
LightSwitch™ 3´UTR reporter VEGFC (S803537) were 
purchased from Active motif (CA, USA). The short 
and long forms of the VEGFC promoter were a kind 
gift of Dr. Heide L Ford and Kari Alitalo [19]. 
Mutation of the NFκB binding site in the VEGFC 
promoter was obtained as previously described 
(wild-type sequence of the NFκB site: 
5’-GGGAAACGGGGAGCT-3’; mutated: 5’-GGGA 
AACAAGGAGCT-3’ [31]). 

Chromatin immuno-precipitation (ChIP) 
These experiments were performed as 

previously described [32]. Briefly, cells were grown in 
normoxia or hypoxia for 24 h (5–10×106 cells were 
used per condition). Cells were then fixed with 1% 
(v/v) formaldehyde (final concentration) for 10 min at 
37 °C and the action of the formaldehyde was then 
stopped by the addition of 125 mM glycine (final 
concentration). Next, cells were washed in cold PBS 
containing a protease inhibitor cocktail (Roche, Basel, 
Switzerland), scraped into the same buffer and 
centrifuged. The pellets were re-suspended in lysis 
buffer, incubated on ice for 10 min, and sonicated to 
shear the DNA into fragments of between 200 and 
1,000 base pairs. Insoluble material was removed by 
centrifugation and the supernatant was diluted 
10-fold by addition of ChIP dilution buffer and 
pre-cleared by addition of salmon sperm 
DNA/protein A agarose 50% slurry for 1 h at 4 °C. 
About 5% of the diluted samples was stored and 
constituted the input material. Immuno-precipitation 
was then performed by addition of anti-HIF-2α or 

anti-tubulin as IgG control antibodies for 24 h at 4 °C. 
Immuno-complexes were recovered by adding 50% of 
salmon sperm DNA/protein A agarose and washed 
sequentially with low salt buffer, high salt buffer, LiCl 
buffer and TE. DNA complexes were extracted in 
elution buffer, and cross-linking was reversed by 
incubating overnight at 65 °C in the presence of 200 
mM NaCl (final concentration). Proteins were 
removed by incubating for 2 h at 42 °C with 
proteinase K and the DNA was extracted with 
phenol/chloroform and precipitated with ethanol. 
Immuno-precipitated DNA was amplified by PCR 
with the following primers. HIF primers first couple 
of primers: promoter region, –458/-344; forward 
primer, 5’-GGACAAGAACTCGGGAGTGG-3’; 
reverse primer, 5’-ACCGGCTTTAGAGGTGATGC. 
HIF primers second couple of primers: promoter 
region, -457/-342; forward primer, 5’-GACAAGAA 
CTCGGGAGTGGC-3’; reverse primer, 5’-GGACCGG 
CTTTAGAGGTGAT-3’. NFκB primers: promoter 
region, -364/-105; forward primer, 5’-GCATCACCTC 
TAAAGCCGGT-3’; reverse primer, 5’-TGCCTGCGCT 
TATGTGAGAG-3’. 

siRNA assay 
siRNA transfection was performed using 

Lipofectamine RNAiMAX (Invitrogen). Cells were 
transfected with either 50 nM of validated siRNA 
against HIF-1α [33] or HIF-2α [34]; si-HIF-1α-sense: 
5′-CCTATATCCCAATGGATGATG-3′; si-HIF-1α- 
antisense: 5′-CUTCATCCATTGGGATATAGG-3′; 
siHIF-2α-sense: 5'-CAGCAUCUUUGAUAGCAGU-3'; 
siHIF-2α-antisense: 5'-ACUGCUAUCAAAGAUGCU 
G-3; si-Control (Ambion, 4390843). Two days later, 
qPCR was performed, as described above.  

Single cell suspension procedures 
Samples of spleen were mechanically 

dissociated, homogenized, and passed through a 100 
µM cell strainer in PBS with 5% FCS and 0.5% EDTA. 
Tumors were mechanically dissociated and digested 
with 1 mg/mL collagenase A (Roche) and 0.1 mg/mL 
DNase I (Roche) for 30 min at 37 °C. 

Cell staining and flow cytometry 
Surface staining was performed by incubating 

cells on ice for 20 min, with saturating concentrations 
of labeled Abs in PBS, 5% FCS and 0.5% EDTA. Mouse 

cell-staining reactions were preceded by a 15-min 
incubation with purified anti-CD16/32 Abs (2.4G2). 
The following anti-mouse antibodies were used: 
FITC-conjugated anti-B220 (RA3-632), PE-conjugated 
anti-δTCR (GL3), APC-conjugated anti-CD11b 
(M1/70), PerCP-Cy5.5-conjugated anti-CD3 (145- 
2C11), V450-conjugated anti-Ly6C (AL-21), PE-Cy7- 
conjugated anti-CD11c (HL3), AF700-conjugated 
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anti-Ly6G (1A8), BV786-conjugated anti-CD45.2 (104), 
BV711-conjugated anti-CD4 (RM4-5), and BV650- 
conjugated anti-CD8 (53-6.7). Antibodies were 
purchased from BD Biosciences except anti-CD11b 
and anti-B220 from eBioscience. Data files were 
acquired on Aria II and analyzed using Diva software 
(BD Biosciences). 

Gene expression microarray analysis 
Normalized RNA sequencing (RNA-Seq) data 

produced by The Cancer Genome Atlas (TCGA) were 
downloaded from cBiopotal (www.cbioportal.org, 
TCGA Provisional; RNA-Seq V2) and were analyzed 
as previously described [14]. The results published 
here are in whole or in part based upon data 
generated by the TCGA Research Network:  
http://cancergenome.nih.gov/ [35, 36].  

Patients and association studies 
Primary tumor samples of M0 RCC patients 

were obtained from the Rennes University hospital 
[37]. The disease-free survival (DFS) and overall 
survival (OS) were calculated from patient subgroups 
with VEGFC mRNA levels that were less or greater 
than the third quartile value. DFS was defined as the 
time from surgery to the appearance of metastasis. 
Progression-free survival (PFS) was defined as the 
time between surgery and subsequent blood sampling 
and progression, or death from any cause, censoring 
live patients and progression-free at last follow-up. 
OS was defined as the time from blood sample 
collection to the date of death from any cause, 
censoring those alive at last follow-up. The Kaplan 
Meier method was used to produce survival curves 
and analyses of censored data were performed using 
Cox models. 

Statistical analysis 
For the analysis of in vitro and mice 

experiments: All data are expressed as the mean ± the 
standard error (SEM). Statistical significance and p 
values were determined by the two-tailed Student’s 
t-test or Mann-Whitney test. One-way ANOVA was 
used for statistical comparisons. Data were analyzed 
with Prism 5.0b (GraphPad Software) by one-way 
ANOVA with Bonferroni post hoc.  

For patients: The Student’s t-test was used to 
compare continuous variables and the chi-square test, 
or Fisher’s exact test (when the conditions for use of 
the χ2-test were not fulfilled), were used for 
categorical variables. DFS was defined as the time 
from surgery to the appearance of metastasis. PFS was 
defined as the time between surgery and progression, 
or death from any cause, censoring live patients and 
progression-free at last follow-up. Overall survival 
(OS) was defined as the time between surgery and the 

date of death from any cause, censoring those alive at 
the last follow-up. The Kaplan-Meier method was 
used to produce survival curves and analyses of 
censored data were performed using Cox models. All 
analyses were performed using R software, version 
3.2.2 (Vienna, Austria, https://www.r-project.org/). 

Results 
VEGFC expression depends on HIF-2 in RCC 

The relative presence of HIF-1α and -2α have 
already been investigated in different RCC cell lines 
and we confirmed that certain RCC cells inactivated 
for vhl express the two HIFα isoforms (RCC4), or only 
HIF-2α for the most aggressive (RCC10 and 786-O, 
Figure S1A, [38]) cells. Therefore, we focused on the 
most aggressive cells that only express HIF-2α [39]. 
We already demonstrated that VEGFC expression 
correlated to the relative aggressiveness of RCC cells 
with respect to their ability to form tumors in nude 
mice [14]. VEGFC expression is induced by hypoxia in 
breast, pancreatic cancers and melanoma cells but 
such induction is independent of HIF-1 [21]. 
However, the role of HIF-2α, the “oncogenic form of 
HIFα for RCC”, in VEGFC expression has not been 
investigated. Therefore, we hypothesized that HIF-2α 
may be one of the drivers of VEGFC expression in 
aggressive cells that mimic chronic hypoxia through 
VHL inactivation. Consistent with this, HIF-2α 
silenced with siRNA (Figure 1A-B and Figure S1B) 
decreased VEGFC protein levels in two independent 
cell lines expressing only HIF-2α (Figure 1C, 786-O 
cells and Figure S1C, RCC10 cells). However, HIF-2α 
silencing resulted in an increase in mRNA levels in 
these two independent cell lines (Figure 1D and 
Figure S1D). Moreover, HIF-1α and -2α silenced in 
cells expressing both proteins (RCC4) also showed an 
increase in VEGFC mRNA levels (Figure S1E-G). 
These results suggest that HIF-1α and -2α are 
involved in negative control of VEGFC mRNA 
expression probably via inhibition of transcription 
and/or mRNA stability. 

Opposite effects of hypoxia on VEGFC gene 
transcription, mRNA half-life and protein 
expression 

Morfoisse and co-workers have elegantly shown 
that hypoxia induced down-regulation of the amount 
of VEGFC mRNA but stimulated VEGFC protein 
production through intra ribosomal entry sites 
present in the 5’UTR of the VEGFC mRNA [21]. 
Therefore, we focused on the hypoxia-dependent 
down-regulation of the VEGFC mRNA. Considering 
the negative role of HIF-2α in the control of the 
amount of mRNA but its positive role in VEGFC 
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protein expression (see above), we hypothesized that 
an experimental condition resulting in an increase in 
the HIF-2 level would down-regulate the VEGFC 
mRNA and up-regulate the protein. Although 786-O 
cells constitutively stabilize HIF-2α because of VHL 
inactivation, hypoxia (24 h 1% oxygen; equivalent 
conditions for the experiments described below) 
further induced HIF-2α levels (Figure 2A). Consistent 
with the fact that HIF-2α acts as a negative regulator 
on the level of mRNA (Figure 1D), the amount of 
VEGFC mRNA decreased in hypoxia (Figure 2B). To 
understand the molecular mechanism associated with 
this down-regulation, we investigated the VEGFC 
promoter activity as a readout of its transcriptional 
control. A schema of this promoter containing 
functional hypoxia (HRE [40]) and NFκB response 
elements [41], is shown in Figure 2C. The luciferase 
activity representing the VEGFC promoter activity 
was down-regulated by hypoxia, which strongly 
suggests that the decrease in mRNA levels in hypoxia 
concerns inhibition of transcription (Figure 2D). To 
address the effect of hypoxia on the mRNA half-life, 
which mainly relies on its 3’UTR, we used a reporter 
vector in which the luciferase mRNA half-life/activity 
is controlled by the VEGFC mRNA 3’UTR (Figure 2E) 

[14]. The luciferase activity, readout of the 
3’UTR-dependent mRNA half-life, was 
inhibited by hypoxia (Figure 2F). The 
decrease in the amount of mRNA (Figure 
S2A), inhibition of transcription (Figure 
S2C), mRNA stability (Figure S2D) and 
increase in the amount of protein (Figure 
S2B) were confirmed in an independent 
cell line (R10). Whereas VEGFC protein 
production was dependent on HIF-2α in 
normoxia, HIF-2α down-regulation by 
siRNA did not affect VEGFC production 
in hypoxia (Figure 2G). Equivalent results 
were obtained with an independent cell 
line (Figure S2E). These results suggest 
that chronic hypoxia mediated by VHL 
inactivation and acute hypoxia induced by 
incubation of cells in low oxygen 
concentrations regulate VEGFC 
expression through independent 
mechanisms. 

Inhibitory effects of hypoxia on 
VEGFC gene transcription depend 
on cross talk between HIF-2 and 
NFκB 

The NFκB-dependent transcriptional 
regulation of VEGFC by tumor necrosis 
factor alpha (TNFα) has already been 
described [41]. Considering that NFκB and 

HIF-2 conversely control each other’s transcription 
[42], we analyzed their respective expression and 
effect on VEGFC transcription in hypoxia. ChIP 
experiments clearly demonstrated that NFκB and 
HIF-2α, bound to the VEGFC promoter (Figure 3A). 
Moreover, Guo et al. showed that HIF-1 stimulated 
VEGFC expression via its direct binding to HRE 
present in the VEGFC promoter region [40]. We 
demonstrated that HIF-2α also binds to the same 
domain of the VEGFC promoter. HIF-2α recruitment 
increased and NFκB binding decreased in hypoxia 
(Figure 3A). These results and the ones presented in 
the previous figures strongly suggest that the 
inhibition in VEGFC transcription observed in 
hypoxia involves an inhibitory mechanism mediated 
by enhanced HIF-2α binding and decreased NFκB 
binding to the promoter. The basal but not the 
hypoxia-driven VEGFC promoter activity depends on 
the integrity of the NFκB binding site (Figure 3B and 
Figure S3). Moreover, VEGFC promoter activity is 
stimulated by the inflammatory cytokine TNFα and 
this induction is dependent on the NFκB binding site, 
as demonstrated in gallbladder carcinoma, thereby 
confirming the functionality of NFκB in RCC cells 
(Figure 3C, [41]). These results strongly suggest that 

 
Figure 1. HIF-2α induced a high basal level of VEGFC mRNA in 786-O cells. (A) HIF-2α 
expression was down-regulated by siRNA. HIF-2α mRNA levels were evaluated by qPCR in siRNA 
control (siCTL) and HIF-2α-directed siRNA (siHIF-2α). (B) HIF-2α protein levels were evaluated by 
immuno-blotting; tubulin is shown as a loading control. A quantification of protein levels (mean ± SEM) is 
shown. HIF-2α in the siCTL condition was considered as the reference value (100%); *** p <0.001. (C) 
VEGFC protein expression was assessed by ELISA for the siRNA control (siCTL) and HIF-2α-directed 
siRNA (siHIF-2α). (D) VEGFC mRNA levels were evaluated by qPCR in siRNA control (siCTL) and 
HIF-2α-directed siRNA (siHIF-2α), Results are represented as the mean of three independent 
experiments ± SEM. *** p<0.001. 
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the inhibition in VEGFC transcription in hypoxia 
involves dissociation of NFκB from its binding 
domain. Since the NFκB activity is dependent on 
phosphorylation, we investigated its post- 
translational modification in hypoxia. Although the 
amount of NFκB/P65 was increased by hypoxia, 
probably reflecting the HIF-dependent transcriptional 
up-regulation of NFκB, the phosphorylated active 

form of NFκB was down-regulated. 
In the same experimental conditions, 
HIF-2α expression was up-regulated 
by hypoxia (Figure 3D). Therefore, 
these results strongly suggest that 
hypoxia inhibits the 
activity/phosphorylation of NFκB 
limiting its affinity for the VEGFC 
promoter, thereby participating in the 
down-regulation of VEGFC 
transcription. 

Knock-out of VEGFC resulted in 
increased proliferation, 
migration and mesenchymal 
marker expression  

To further address the role of 
VEGFC in the hypoxic environment 
throughout tumor development, we 
knocked out the gene in human 
(786-O) and mouse (RENCA) RCC 
cells. RENCA cells express low 
whereas 786-O cells express high 
VEGFC levels (Figure S4A). RENCA 
cells have an active form of VHL and 
we observed induction of HIF-2α in 
hypoxia (Figure S4B). Consistently, 
we observed the same 
hypoxia-dependent induction of 
VEGFC in these cells (Figure S4C). 
Two independent knock-out clones of 
786-O (Figure 4A-C), and RENCA 
cells were obtained and characterized 
(Figure S4D). A clone heterozygous 
for vegfc knock-out was obtained for 
RENCA cells (Figure S4D). VEGFC 
mRNA and protein were not detected 
in 786-O (Figure 4A-B) and RENCA 
clones (Figure S4D). Half the normal 
level of VEGFC was obtained for the 
vegfc -/+ clone of RENCA cells 
(Figure S4D). The VEGFC genomic 
locus was sequenced and showed 
small deletions in 786-O cells (Figure 
4C), demonstrating the specificity of 
the CRISPR/Cas9 knock-out. 786-O 
knock-out clones (Cl1, Cl2) presented 

more proliferation when assessed with clonogenic 
assays (bigger size of the colonies, Figure 4D) and 
through measurement of live cell counts after six and 
seven days (Figure 4E). Increased proliferation was 
associated with an enhanced AKT activity (Figure 4F). 
VEGFC-knock-out 786-O clones were also more 
invasive (Figure 4G-H), which was consistent with an 
increase in the mesenchymal markers Slug and Twist 

 
Figure 2. Hypoxia induced down-regulation of VEGFC mRNA and increased the level of VEGFC 
protein. (A) HIF-2α protein expression was stimulated by hypoxic (Hx) as compared to normoxic conditions 
(Nx) in 786-O cells as shown by immuno-blotting; tubulin is shown as a loading control. Quantification of protein 
levels (mean ± SEM) is shown. HIF-2α in normoxic condition was considered as the reference value (100%); ** p 
<0.01. (B) VEGFC mRNA levels in 786-O cells were evaluated by qPCR in normoxia (NX) and hypoxia (HX). 
(C) Schematic representation of the VEGFC promoter showing the hypoxia response element (HRE) and the 
NFκB binding site together with their respective localization according to the transcription initiation start site. 
(D) 786-O cells were transfected with a renilla luciferase reporter gene under the control of the VEGFC 
promoter and incubated in normoxia (NX) or hypoxia (HX) for 48 h. The renilla luciferase activity normalized to 
the firefly luciferase (control vector) was the readout of the VEGFC promoter activity. (E) Schematic 
representation of the VEGFC mRNA 3’UTR down-stream of the renilla luciferase reporter gene under the 
control of the cytomegalo virus promoter (CMV). (F) 786-O cells were transfected with the above-mentioned 
reporter gene and incubated in normoxia (NX) or hypoxia (HX) for 48 h. The renilla luciferase activity 
normalized to the firefly luciferase (control vector) was the readout of the VEGFC mRNA half-life. (G) VEGFC 
protein expression was assessed by ELISA in siRNA control (CTL) and HIF-2α-directed siRNA (HIF-2) in 
normoxia (NX) or hypoxia (HX). Results are represented as the mean of at least three independent experiments 
± SEM. * p<0.05, ** p<0.01, *** p<0.001, NS, non-significant.  
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(Figure 4I) [43]. The vegfc-/- cells presented more 
proliferation when assessed with clonogenic assays 
(more colonies with a bigger size, Figure S4E) and 
after measurement of the cell number (Figure S4F). 
The proliferation of vegfc-/+ cells resembled that of 
wild-type cells (Figure S4E-F). Only vegfc-/- cells 

presented a fibroblast-like morphology (Figure S4G), 
which was consistent with increasing Slug and Twist 
expression (Figure S4H). These results suggest that 
VEGFC lowers the intrinsic aggressiveness of RCC 
cells. 

 

 
Figure 3. NFκB plays a key role in the control of VEGFC transcription in normoxia and hypoxia. (A) Chromatin immuno-precipitation of cells incubated in 
normoxia (NX) or hypoxia (HX) was performed using control (CTL) or specific antibodies (Spe.Ab) for HIF-2α or NFκB. The specific DNA domains containing the HIF-2α or 
NFκB binding sites in the VEGFC promoter amplified by PCR are shown. (B) 786-O cells were transfected with a renilla luciferase reporter gene under the control of the VEGFC 
promoter that was wild-type (WT) or mutated for the NFκB binding site. The luciferase activity was measured 48 h post transfection. (C) The same transfections were 
performed but the cells were stimulated or not with TNFα (150 ng/mL) for 48 h. (D) 786-O cells were incubated in normoxia (NX) or hypoxia (HX, 24 h 1% oxygen). Total (P65) 
and phosphorylated (pP65) HIF-2α were detected by immuno-blotting; tubulin is shown as a loading control. Quantification of the blot is indicated. Quantification of pP65/P65 
(mean ± SEM) is shown. This ratio in normoxia was considered as the reference value (100%); * p <0.05. When indicated, results are represented as the mean of at least three 
independent experiments ± SEM. *** p<0.001, NS, non-significant.  

 
Figure 4. 786-O cells knocked-out for VEGFC show increased proliferation and migration. (A) VEGFC mRNA levels were tested by qPCR in control (CTL) and two 
independent clones (Cl1, Cl2) knocked-out for VEGFC. (B) VEGFC protein levels were evaluated by ELISA in the supernatant of control (CTL) and two independent clones (Cl1, 
Cl2) knocked-out for VEGFC. (C) The locus of VEGFC was sequenced in control (CTL) and two independent clones (Cl1, Cl2) knocked-out for VEGFC; single or multi-base 
deletions were detected in the VEGFC locus. (D-E) The proliferation of control (CTL) or knock-out (Cl1, Cl2) cells were determined using clonogenic assays (D) or by 
quantification of the number of live cells (E). (F) Increased proliferation correlated with enhanced AKT activity evaluated by measuring the ratio of amount of phosphorylated to 
total AKT (pAKT/AKT). (G-H) VEGFC knock-out cells showed increased migration in Boyden chambers (G). (H) Quantification of the results shown in (G). (I) VEGFC knock-out 
cells showed increased levels of mesenchymal markers (Slug, Twist) detected by immuno-blotting; tubulin is shown as a loading control. Quantification of protein levels (mean ± 
SEM) is shown. Slug and Twist expressions in control cells (CTL) were considered reference values (100%); * p <0.05. When indicated, results are represented as the mean of 
at least three independent experiments ± SEM. ** p<0.01, *** p<0.001.  



 Theranostics 2019, Vol. 9, Issue 3 
 

 
http://www.thno.org 

669 

 
Figure 5. Knock-out of VEGFC in tumor cells has opposite effects on the formation of tumors in immuno-deficient or immuno-competent mice. (A) 
Experimental tumors in nude mice (20 mice per condition) were obtained after subcutaneous injection of 5×106 wild-type (WT) or VEGFC-knock-out 786-O cells. Two 
independent VEGFC-/- clones were injected (VEGFC-/- Cl1 and Cl2). Tumor incidence (percentage of mice with tumors) is presented. (B) Evaluation of tumor size for the 
experiment described in (A). (C) Experimental tumors in immuno-competent Balb-C mice (10 mice per condition) were obtained after subcutaneous injection of 105 wild-type 
(WT), heterozygous (vegf -/+) or knock-out RENCA cells (vegfc -/-). The tumor incidence (percentage of mice with a tumor) is shown. (D) Evaluation of the tumor size for the 
experiment described in (C). When indicated, results are represented as the mean ± SEM. ** p<0.01, *** p<0.001. 

 

Knock-out VEGFC cells did not form tumors in 
immuno-deficient mice whereas they formed 
very fast-growing and invasive tumors in 
immuno-competent mice 

To further address the role of VEGFC in the 
microenvironment and on tumor aggressiveness, we 
subcutaneously implanted the knock-out cells in 
different mouse models: i) immuno-deficient nude 
mice were implanted with human cells; ii) 
immuno-competent Balb-C mice were implanted with 
mouse cells. Control 786-O cells formed tumors in 
80% of the inoculated mice after a delay of 35 days 
and then grew rapidly, whereas VEGFC-/- cells did 
not form tumors in nude mice (Figure 5A-B). This 
result suggests that VEGFC is a driver of 
aggressiveness when the immune system is absent, a 
situation mimicking the immune tolerance observed 
in advanced tumors. In contrast, the tumor incidence 
(presence of a visible tumor or abdominal metastasis, 
see below) with RENCA cells was dependent on time 
and vegfc down-regulation/knock-out, vegfc-/- 
RENCA cells formed tumors with the highest 
incidence more rapidly (Figure 5C). The size of the 
tumors generated with vegfc-/+ or vegfc-/- cells was 
bigger than those formed with control cells, reaching a 
plateau 30 days post injection (Figure 5D). However, 

tumors generated with vegfc-/- cells were bigger than 
control tumors when mice were euthanized for ethical 
reasons 40 days after cell injection (Figure 5D). 
Moreover, 15% (3 mice out of 20) and 20% (4 mice out 
of 20) of mice injected with vegfc-/+ or vegfc-/- cells, 
respectively, presented an early ascite-like formation, 
which corresponded to peritoneal metastatic 
dissemination (Figure S5A). These results in 
immuno-competent mice suggest that the VEGFC 
produced by tumor cells educated anti-tumor 
immune cells during initiation of tumor development, 
a situation mimicking low-grade tumors developing 
in a context of an efficient immune system. Strikingly, 
immuno-deficient mice developed tumors of the same 
size and with an equivalent incidence to the control or 
heterozygous RENCA cells. Although, the incidence 
and the size of the tumors generated with knock-out 
RENCA cells were lower (Figure S5B-C), the 
differences were less spectacular than for 786-O cells, 
reflecting the higher level of aggressiveness of the 
RENCA model probably linked to the presence of an 
active VHL [44] (tumors developed 15 days after 
injection for RENCA as compared to 35 days for 
786-O cells). This result strongly suggests that VEGFC 
exerts a potent anti-tumor effect via the immune 
system. 
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The microenvironment favors aggressiveness 
in vegfc-/- tumors 

We first analyzed the composition of the 
immune cells infiltrate within control vegfc-/+ and 
vegfc-/- tumors. Recruitment of immune cells was 
equivalent in the three different tumor types. No 
modulation in the lymphoid compartment was 
observed (CD4+T, CD8+T, γδT and B cells). While 
recruitment of total dendritic cells (CD11c+) and 
monocytic myeloid-derived suppressor cells 
(M-MDSC) was not affected by the presence or 
absence of VEGFC, we found a significant decrease in 
polymorphonuclear myeloid derived suppressor cells 
(PMN-MDSC) in tumors obtained with vegfc-/- cells 
(Figure 6A). This observation suggests that the 
VEGFC produced by tumor cells is responsible for 
PMN-MDSC recruitment. This result may be in 
contradiction with the tumor aggressiveness obtained 
with vegfc-/- RENCA cells since PMN-MDSC are 
generally associated with poor prognosis. 

However, we also observed an increase in 
tumor-associated macrophages (TAM) in vegfc-/- 
tumors (Figure 6B), which may compensate for the 
decreased infiltration of PMN-MDSC in driving 
tumor growth. These results (initial aggressiveness, 

decrease and increase of different immune cells 
synonymous of poor prognosis) illustrate the 
ambivalence of the VEGFC activity during the 
initiation of tumor development and during the phase 
of accelerated growth and dissemination. During 
tumor growth, activation/proliferation of T 
lymphocytes plays a key role in driving the 
anti-tumor immunity. Moreover, the nature of 
macrophages infiltrating the tumors is an important 
parameter since M1 macrophages are associated with 
good prognosis whereas M2 macrophages are 
synonymous with poor prognosis. We further 
assessed the presence of activated lymphocytes and 
the nature of infiltrated macrophages by testing 
specific markers using qPCR. We observed a decrease 
in a marker of M1 macrophages (tumor necrosis factor 
α) and an increase in a marker of M2 macrophages 
(arginase 1) suggesting polarization of macrophages 
towards the M2 phenotype (Figure 6C). We also 
observed a decrease in CD69, a marker of lymphocyte 
activation. We also observed an increase in the marker 
of tumor-associated fibroblasts, α smooth muscle 
actin (αSMA) and up-regulation in the immune 
checkpoint, program death ligand 1 (PDL1). These 
different markers are related to tumor aggressiveness, 
which is consistent with the accelerated tumor growth 

and metastasis observed in 
experiments into tumorigenesis. 

To further address the role of 
VEGFC produced by cells of the 
microenvironment and because vegfc 
gene knock-out is lethal [45], we 
injected wild-type RENCA cells into 
mice knocked out for genes coding 
for the two major regulators of vegfc 
transcription, SIX1 and its 
co-activator EYA2. Tumors 
generated with RENCA cells 
developed faster and were bigger in 
the six1-/- mice (Figure S6A). The 
incidence of tumor formation was 
equivalent in wild-type and six1-/- 
mice (almost 70% of mice developed 
a tumor). In eya2-/- mice, bigger 
tumors appeared rapidly within 
fifteen days after injection but 
reached the same incidence and 
volume as in wild-type and 
knock-out mice at the end of the 
experiment (Figure S6B-C). These 
results suggest that the VEGFC 
produced by tumor cells (above) or 
cells of the microenvironment slow 
down tumor initiation.  

 
Figure 6. Shaping of the microenvironment by VEGFC. (A) Detection by flow cytometry of PMN-MDSC 
cells in tumors generated with wild-type (WT), heterozygous (vegfc -/+) and knock-out RENCA cells (vegfc -/-). (B) 
Detection by flow cytometry of tumor-associated macrophages (TAM) in tumors generated with wild-type (WT), 
heterozygous (vegfc -/+) or knock-out RENCA cells (vegfc -/-). (C) The levels of indicated mRNA were determined 
by qPCR.  
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Figure 7. Patient outcome depended on the expression of genes of the VEGFC pathway. (A) Kaplan–Meier analysis of DFS and OS of M0 patients. DFS and OS were 
calculated from patient subgroups with VEGFC mRNA levels that were less or greater than the third quartile. Statistical significance (p-value) is indicated. (B) Correlation 
between genes of the VEGFC pathway and survival (DFS/PFS/OS) in M0 and M1 patients. The tested genes of the VEGFC pathway were the following: VEGFC (VC), VEGFR2 (R2), 
VEGFR3 (R3) and NEUROPILIN 2 (N2). The p-values of genes associated with shorter DFS/PFS/OS appear white on a black background; the p-values of genes associated with a 
longer DFS/PFS/OS appear black on a gray background. Significant p-values are given; a trend to significance is indicated by a “T” in black on a gray background. A score was 
established as follows: a positive point was given for a gene with a trend to good prognosis; two positive points for a gene associated with good prognosis and with a significant 
p-value; two negative points were given for a gene associated with poor prognosis and with a significant p-value. Positive scores were found for DFS and OS for M0 patients. The 
scores were negative for PFS and OS for M1 patients. 

 

Genes associated with the VEGFC pathway 
have an opposite prognostic role in non- 
metastatic and metastatic patients 

The ambivalence observed for the role of VEGFC 
in animal models prompted us to analyze the 
prognostic impact of lymphangiogenic genes on a 
cohort of M0 patients from the Rennes University 
Hospital (see Table 1 for the patients’ characteristics). 
34 patients out of 38 did not present signs of 
metastatic dissemination. Only 4 out of 38 presented 
with invaded lymph nodes. High levels of VEGFC 
mRNA in the tumors of M0 patients (third quartile 
cut-off, n=25/38) correlated with a longer DFS (p = 
0.0355, Figure 7A left) and OS (p = 0.05, Figure 7A 
right). These results suggest that VEGFC reduced the 
aggressiveness of non-invasive tumors and were in 
agreement with the results of mice tumors. Then, 535 
patients of The Cancer Genome Atlas (TCGA) were 
analyzed for mRNA levels of the VEGFC (VC) gene 
and its receptors (VEGFR2 (R2); VEGFR3 
(R3))/co-receptors (NEUROPILIN 2 (N2)) and 
subsequent follow-up in terms of DFS, PFS and OS. 
High VEGFC level (> third quartile) was associated 
with longer DFS and OS, especially for grade I/II M0 

patients (298 patients out of 425 (70.1%)), whereas it 
was associated with shorter PFS and OS in M1 
patients (111 patients). The same trend was observed 
for high VEGFR2, VEGFR3 and N2 gene levels (> third 
quartile) but without discriminating the less 
aggressive grade I/II M0 patients but including the 
grade III (123 patients out of 425 (28.9%)) and grade IV 
(3 patients out of 425 (0.7%)) patients. Based on this 
result, we established a prognostic score according to 
the VC/R2/R3/N2 levels. The relative weight that we 
attributed to each gene, depending on a trend or a 
significant correlation with DFS, PFS or OS, 
highlighted the high levels of VC/R2/R3/N2 genes 
associated with a longer DFS/OS in M0 patients 
(respective score 6 and 6) whereas it was exactly the 
opposite for M1 patients (respective scores, -8, -3, 
Figure 7B). To reconcile the patient and experimental 
results (correspondence between mRNA and protein 
levels) and because it was almost impossible to 
determine the tumor hypoxic status, we hypothesized 
that if VEGFC mRNA and protein levels correlated, 
VEGFC would stimulate the formation of lymphatic 
vessels. Therefore, tumors with high VEGFC 
mRNA/protein should express highly lymphatic 
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vessel markers. This is exactly what we observed in 
the cohort of our Institute and in the TCGA cohort 
(Figure S7A-B). The correlation between VEGFC 
levels was kept for R3 but not for N2 (Figure S7C). 
Hence, it appears that a strong correspondence exists 
between VEGFC mRNA and protein levels in these 
specific cases. 

Table 1: Characteristics of the patients included in the study. 

GROUP  
Number of patients 38 
ccRCC 38 (100%) 
Sex   
- Woman 14 (36.8%) 
- Man 24 (63.2%) 
Age (year) 62 (42-82) 
Furhman grade  
- 2 17 (44.7%) 
- 3 16 (42.1%) 
- 4 5 (13.2%) 
Metastatic status pM   
- M0 38 (100%) 
Lymph node status pN  
N0 34 (89.5%) 
N1 4 (10.5%) 
Size status pT  
- 1 17 (44.7%)  
- 2 6 (15.8%) 
- 3 15 (39.5%) 

 

Discussion  
The comparison of the levels of VEGFC in 

normal and tumor tissues and the regulation of its 
expression have been poorly investigated [18]. We 
showed that VEGFC levels are elevated in primary 
cells derived from the healthy portion of the kidney. 
The levels of VEGFC produced by tumor cells were 
highly variable; only the cells derived from metastatic 
tumors reached levels comparable to those of healthy 
cells [14]. This situation evokes the beneficial effect of 
VEGFC on the early stages of tumor development, 
while high levels become detrimental during 
metastatic dissemination. This ambiguity was 
addressed by implanting tumor cells in 
immuno-deficient mice, mimicking a pathological 
situation in which the immune system is bypassed 
and no longer exerts control on the tumor. In this 
situation, VEGFC promoted tumor initiation and 
tumor growth. Therefore, inhibiting its expression or 
activity may lower tumor growth. This hypothesis 
was confirmed by our experiments. However, the 
main role of VEGFC is to induce lymphatic vessel 
expansion in primary tumors. Dendritic cells present 
in the primary tumor capture tumor antigens and 
migrate to the draining lymph nodes where they 
activate specific lymphocytes [46]. Hence, an efficient 
lymphatic network participates in control of the 
tumor by the immune system [47]. Considering this 

early primary event, the VEGFC activity may 
contribute to keeping tumor expansion in check and 
therefore appears to be beneficial. So, limiting VEGFC 
production would probably result in local tumor 
growth and selection of tumor cells with high 
proliferative and invasive abilities. VEGFC expressed 
by tumor cells migrated to the sentinel lymph nodes 
acts directly on preexisting lymphatic vessels to 
induce lymphangiogenesis [13] and tumor 
dissemination. The local inflammation that results 
from this rapid growth educates inflammatory cells 
for local production of VEGFC and tumor cell 
spreading via the newly formed lymphatic network 
[48]. Moreover, VEGFC was shown to induce immune 
tolerance and to protect against preexisting 
anti-tumor immunity, which is consistent with the 
presence of PMN-MDSC observed in our study [49]. 
The presence of tumor-associated lymphoid 
structures is generally associated with good prognosis 
because they educate intra-tumor CD8+ T cells. CD8+ 
T cells are beneficial for most tumors. However, for 
RCC, two types of CD8+ T cells are linked to good or 
poor prognosis and the absence of fully functional 
mature dendritic cells has been described [50]. It is 
possible that these two populations were selected 
according to the relative levels of VEGFC present in 
the microenvironment. This second step was 
addressed in immuno-competent mice by reducing 
the production of VEGFC in tumor cells or in cells of 
the microenvironment. These two ambivalent roles of 
VEGFC probably explain the discrepant results in the 
literature showing that VEGFC may have or not have 
prognostic significance for the detrimental evolution 
of different cancers [51-53]. Therefore, the presence of 
lymphatic vessels within a tumor specimen or the 
presence of VEGFC in the plasma as a surrogate 
marker of lymphangiogenesis and metastasis may 
highlight two opposite situations. Thus, correlating 
tumor or plasmatic VEGFC to prognosis may show 
opposite results and puzzle the investigator. Hence, 
considering that VEGFC participates in the 
dissemination of tumor cells, immediate targeting of 
VEGFC in metastatic patients should be considered 
with caution. The role of VEGFC as a predictive 
marker of anti-angiogenic drugs may also represent 
an interesting tool for patient follow-up when 
considering the development of lymphatic vessels 
when the patient is on treatment [14]. Lower baseline 
levels of VEGFC were associated with longer PFS and 
OS for patients treated with sunitinib and the drug 
induced down-regulation of plasmatic levels in a 
cohort of sixty-one patients [54]. However, in a recent 
independent cohort of patients, we were unable to 
demonstrate a correlation between plasmatic VEGFC 
and PFS or OS in patients treated with sunitinib [55]. 
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These contradictory results also highlight our 
substantial knowledge on how VEGFC expression is 
controlled. The hypoxia-HIF-dependent regulation of 
VEGFC expression is currently under debate and 
probably involves different partners, as we 
demonstrated in this study. We showed that HIF-2 is 
probably the major regulator of VEGFC transcription 
in a pathological situation mimicking chronic hypoxia 
in RCC cells knocked-out for VHL. However, the 
HIF-2 binding site on the VEGFC promoter in the 
tumor cells described in this study (proximal to the 
transcription initiation site) is different from that 
described for HIF-1 in inflamed macrophages [40]. 
HIF-1 may play a role in the induction of VEGFC 
expression in hypoxia in normal cells but not in tumor 
cells as was shown recently [21]. Moreover, the 
partners involved in VEGFC transcription may also 
depend on the acute or chronic hypoxia in tumor cells. 
The decrease in VEGFC mRNA levels and the 
concomitant up-regulation in protein levels described 
in our study were consistent with previous published 
results [21]. However, it was really surprising to 
observe induction of HIF-2α protein expression in 
cells mutated for VHL. The decrease in the 
transcriptional activity observed in acute hypoxia is 
mainly due to a decrease in NFκB binding to the 
VEGFC promoter although HIF-2α is up-regulated. 
The decrease in mRNA stability depended on the 
VEGFC mRNA 3’UTR. We demonstrated recently the 
role of an equilibrated balance in tristetraprolin and 
HuR in the enhanced VEGFC mRNA half-life in 
response to anti-angiogenic drugs [14]. We tested both 
proteins in hypoxia but their levels and 
phosphorylation were not modified. Additional work 
is needed to discover mRNA binding factors involved 
in the decreased mRNA half-life observed in hypoxia. 

The detrimental role of hypoxia in several 
tumors has been well documented. However, it was 
counterintuitive to believe that in RCC hypoxia may 
play an important role because of VHL inactivation. 
Further induction of VEGFC in hypoxic zones in a 
VHL inactivation context may represent a missing 
link to understand the mechanisms related to RCC 
aggressiveness depending on the presence of an 
efficient or tolerant immune system. The increase in 
proliferation and migration of knock-out cells also 
suggests that VEGFC participates in an autocrine 
loop. However, we and others did not detect VEGF 
receptors on the different RCC cell lines [56]. VEGFC 
signaling in RCC depends on the VEGFR3 co-receptor 
neuropilin 2 [57], and this autocrine loop probably 
maintains stemness as already described in skin 
cancers, and consequently, a low ability to proliferate 
[58]. α9β1 integrin was described as a VEGFC receptor 
mediating the migration of breast cancer cells [59, 60]. 

Moreover, the prostaglandin E2 receptor EP4 
mediates autocrine and paracrine VEGFC production 
by tumor cells or macrophages [61, 62]. Integrin α9 
and β1 and EP4 expression is equivalent in tumor and 
normal tissues, as revealed by analysis of the TCGA 
database. However, levels of expression of α9 and β1 
integrin and EP4 above the median value are 
synonymous with longer OS (p = 0.0006, p = 0.008 and 
p = 0.017 respectively). The same beneficial role of α9, 
β1 and EP4 was observed if M0 and M1 patients were 
considered separately. These results suggest that the 
VEGFC pathway may play a different role depending 
on the cancer type. In conclusion, regulation of 
VEGFC involves a concert of transcription factors and 
mRNA binding proteins. Depending on whether 
hypoxia is chronic or acute, they may act differently 
on VEGFC expression. Deciphering this subtle 
regulation may allow better understanding of the 
sequence of events leading to a beneficial or 
detrimental role of lymphangiogenesis.  
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