
Critical role of endoglin in tumor cell plasticity of Ewing sarcoma and
melanoma
Pardali, E.; Schaft, D.W.J. van der; Wiercinska, E.; Gorter, A.; Hogendoorn, P.C.W.;
Griffioen, A.W.; Dijke, P. ten

Citation
Pardali, E., Schaft, D. W. J. van der, Wiercinska, E., Gorter, A., Hogendoorn, P. C. W.,
Griffioen, A. W., & Dijke, P. ten. (2011). Critical role of endoglin in tumor cell plasticity of
Ewing sarcoma and melanoma. Oncogene, 30(3), 334-345. doi:10.1038/onc.2010.418
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/109154
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/109154


ORIGINAL ARTICLE
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Tumor cell plasticity enables certain types of highly
malignant tumor cells to dedifferentiate and engage a
plastic multipotent embryonic-like phenotype, which
enables them to ‘adapt’ during tumor progression and
escape conventional therapeutic strategies. This plastic
phenotype of aggressive cancer cells enables them to
express endothelial cell-specific markers and form tube-
like structures, a phenotype that has been linked to
aggressive behavior and poor prognosis. We demonstrate
here that the transforming growth factor (TGF)-b co-
receptor endoglin, an endothelial cell marker, is expressed
by tumor cells and its expression correlates with tumor
cell plasticity in two types of human cancer, Ewing
sarcoma and melanoma. Moreover, endoglin expression
was significantly associated with worse survival of Ewing
sarcoma patients. Endoglin knockdown in tumor cells
interferes with tumor cell plasticity and reduces invasive-
ness and anchorage-independent growth in vitro. Ewing
sarcoma and melanoma cells with reduced endoglin levels
showed reduced tumor growth in vivo. Mechanistically, we
provide evidence that endoglin, while interfering with
TGF-b signaling, is required for efficient bone morpho-
genetic protein, integrin, focal adhesion kinase and
phosphoinositide-3-kinase signaling in order to maintain
tumor cell plasticity. The present study delineates an
important role of endoglin in tumor cell plasticity and
progression of aggressive tumors.
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Introduction

Several studies have suggested that aggressive tumor
cells can embrace the characteristics of stem cells and
acquire a pluripotent, embryonic-like phenotype, which
enables them to adapt to the microenvironment and
transdifferentiate into other cell types (Hendrix et al.,
2003, 2007; Staege et al., 2004). In this way high-grade
tumors can mimic an endothelial-like phenotype and
participate in the formation of vascular-like structures,
which could contribute to tumor perfusion and even-
tually tumor metastasis (Maniotis et al., 1999). This
form of tumor cell plasticity was termed vasculogenic
mimicry and it has been described in several tumor
types, such as melanoma, Ewing sarcoma, ovarian and
breast cancer, and multiple myeloma (Maniotis et al.,
1999; Sharma et al., 2002; Shirakawa et al., 2002; van
der Schaft et al., 2005; Scavelli et al., 2008). Melanoma
cells were shown to participate in neovascularization in
a circulation-deficient muscle microenvironment in vivo
(Hendrix et al., 2002). Additionally, it was demonstrated
that EW7 Ewing sarcoma tumors growing in athymic
mice can form vasculogenic-like structures that con-
tribute to circulation (van der Schaft et al., 2005; Hillen
et al., 2008). Similar channels were visualized in
choroidal melanoma patients (Mueller et al., 1998). In
this way, tumor cell growth may not only be dependent
on angiogenesis for supply of oxygen and nutrients and
thus escape conventional antiangiogenic therapies.
Thus, characterization of the molecular mechanisms
underlying tumor cell plasticity may provide new
putative targets for therapeutic interventions against
cancer.

Endoglin is an accessory receptor of the transforming
growth factor-b (TGF-b) family of proteins, which
includes TGF-bs, bone morphogenetic proteins (BMPs)
and activins (ten Dijke et al., 2008). TGF-b family
members are pleiotropic cytokines that signal through
heteromeric complexes of transmembrane serine/threo-
nine type I (also known as activin receptor-like kinases
(ALKs)) and type II kinase receptors (ten Dijke and
Arthur, 2007). On ligand binding, the type II receptors
phosphorylate the type I receptors, which in turn
phosphorylate specific receptor-regulated Smads, TGF-b
induces Smad2/3 phosphorylation and BMPs Smad1/5/8
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phosphorylation. Phosphorylated receptor-regulated
Smads form heteromeric complexes with the common
mediator Smad4 and regulate expression of target genes
(ten Dijke and Arthur, 2007). Endoglin can modulate
TGF-b signaling by regulating access of ligands to
signaling receptors and has an important role in
angiogenesis. Endoglin knockout mice die in utero
owing to defects in vasculogenesis, and mutations in
endoglin result in the human vascular disease, hereditary
hemorrhagic telangiectasia (ten Dijke et al., 2008). A
soluble form of endoglin was shown to be expressed and
to have a role in the pathogenesis of pre-eclampsia by
inducing endothelial cell dysfunction. Additionally,
endoglin is upregulated in tumor-associated endothe-
lium and correlates with poor prognosis, and tumor
vascularization and growth are decreased in endoglin
heterozygous mice (ten Dijke et al., 2008).

In the present study we demonstrate that endoglin is
expressed on Ewing sarcoma and melanoma tumor cells.
We show that depletion of endoglin results in reduced
plasticity, invasiveness and anchorage-independent
growth and thereby in decreased tumor growth in vivo.
These properties of endoglin are related to its role in the
regulation of TGF-b, BMP, integrin, FAK and PI3K
signaling pathways in tumor cells.

Results

Endoglin expression correlates with the plastic tumor cell
phenotype of Ewing sarcoma and melanoma cells
Several studies have focused on the characterization of
the key molecular determinants of tumor cell plasticity.
Gene-expression profiling suggested that expression of
endothelial cell markers, such as vascular endothelial-
Cadherin (Hendrix et al., 2001) and the Ephrin receptor
tyrosine kinase A2 (Hess et al., 2001), is upregulated in
aggressive human melanoma cells compared with less
aggressive melanoma cells.

Endoglin is an endothelial cell marker, highly
expressed on activated endothelial cells (ten Dijke
et al., 2008). We sought to investigate whether endoglin
expression correlates with tumor cell plasticity as
measured by the ability of tumor cells to form a tube-
like network on matrigel (VMþ ). Using quantitative
real-time PCR and fluorescence-activated cell sorting
analysis, we found that the Ewing sarcoma cell line EW7
expressed higher levels of endoglin compared with the
A673, RD-ES and SIM/EW27 cell lines, which form
hardly any structures on matrigel (van der Schaft et al.,
2005). Endoglin was also found to be highly expressed
on MUM-2B and C8161 melanoma cell lines when
compared with the less aggressive, isogenically matched
MUM-2C and C81-61 cell lines (Figure 1a and
Supplementary Figure 1a). These results suggest that
endoglin expression correlates with the plastic pheno-
type of melanoma and Ewing sarcoma.

To determine whether endoglin is expressed in
primary Ewing sarcomas and cutaneous melanoma, we
examined histological sections of tissue biopsy samples

from patients. We found that endoglin is expressed on
tumor cells lining the blood lakes in Ewing sarcoma and
in small clusters of tumor cells in primary cutaneous
melanoma (Figures 1b and c). Additionally, endoglin
expression was confined on endothelial cells in the
tumor (Figures 1b and c). It has been suggested that the
blood lakes seen in Ewing sarcoma are hypoxic
vasculogenic structures (van der Schaft et al., 2005).
Accordingly, hypoxia was shown to induce vasculogenic
mimicry channel formation and tumor invasion in
mouse melanoma B16 cells (Sun et al., 2007). To test
the effect of hypoxia on endoglin expression, we
analyzed the expression of endoglin in EW7 and
MUM-2B cultured under hypoxic conditions. We found
that hypoxia induced endoglin expression in both EW7
and MUM-2B (Supplementary Figure 1b).

To further characterize the role of endoglin in tumor
progression, we performed tissue microarrays (TMAs)
containing tissues of primary Ewing sarcoma. Endoglin
was expressed on endothelial cells in all the tumor
samples (Supplementary Figure 2). Analysis of endoglin
expression revealed that 45% of the samples showed
expression of endoglin on tumor cells. Evaluation of
endoglin expression on tumor cells revealed that 55% of
the tumors were negative (scale 0), 17% showed low
endoglin expression and 27% high endoglin expression
(scale 2) (Figure 1d). The intensity of endoglin staining
was scored on a 0–3 scale. Intensity of staining was
higher in the vessels (scale 3) than in the tumor cells
(scale 0–2). The percentage of tumor cells expressing
endoglin varied between the positive samples
(Figure 1e). To address the significance of endoglin
expression on tumor cells, we examined whether clinical
outcomes correlated with endoglin expression. Kaplan–
Meier survival curves revealed that endoglin expression
on tumor cells significantly (log-rank 7.161, P¼ 0.007)
correlated with decreased survival of Ewing sarcoma
patients (Figure 1f).

Endoglin has a critical role in Ewing sarcoma and
melanoma tumor cell plasticity
We next sought to assess the role of endoglin in tumor
cell plasticity. For this, we established EW7 and MUM-
2B short hairpin RNA (shRNA) cell lines, attaining
significant silencing of endoglin expression (by 490%)
(Figure 2a). Knockdown of endoglin resulted in
significant reduction of network formation on matrigel
in EW7 and MUM-2B, by 80 and 60%, respectively; this
effect could be rescued by ectopic expression of endoglin
(Figures 2b–d). In addition, endoglin overexpression in
control shRNA cells significantly increased network
formation of EW7 and MUM-2B on matrigel. Similar
results were obtained with independent EW7 and
MUM-2B clones from different shRNAs (Supplemen-
tary Figures 3b–d). Likewise, endoglin downregulation
prevented the formation of vasculogenic-like network
when cells were grown on three-dimensional collagen
matrices (Figure 2e). However, ectopic expression of
endoglin in the poorly aggressive melanoma cell line
MUM-2C failed to induce formation of networks on
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matrigel or collagen (data not shown), suggesting that
endoglin is required, but not sufficient, for inducing
their pluripotent phenotype.

Recent studies have suggested that soluble endoglin
can interfere with endoglin function on endothelial cells
(Venkatesha et al., 2006). Therefore, we examined the
effect of soluble endoglin on the ability of Ewing
sarcoma and melanoma to form networks. Treatment
of EW7 and MUM-2B with endoglin-Fc significantly
reduced tube network formation by 80 and 40%,
respectively (Figure 2f), whereas a control Fc protein
had no effect on network formation. Similar results were
obtained with the cells infected with adenovirus expres-
sing soluble endoglin (Venkatesha et al., 2006) (data not
shown). Interestingly, soluble Flt1 (VEGF receptor I)
had no effect on network formation (data not shown).
Together, gain- and loss-of-function studies suggest that
endoglin expression and function is essential for tumor
cell plasticity in Ewing sarcoma and melanoma.

Interplay between endoglin, TGF-b and BMP signaling
pathways is crucial for Ewing sarcoma and melanoma
tumor cell plasticity
Endoglin has been reported to have an inhibitory effect
on the TGF-b/ALK5 pathway and to potentiate the
BMP pathway (ten Dijke et al., 2008). To characterize
the expression of TGF-b receptors, we performed
affinity-labeling experiments. We found that TGF-b
strongly binds to TbRII and ALK5 on EW7, MUM-2B
and MUM-2C cell lines (Supplementary Figure 4).
Interestingly, although TGF-b treatment had no effect
on network formation (data not shown), overexpression
of a constitutively active form of TbRI/ALK5
(caALK5) inhibited tube formation by 40 or 50% in
MUM-2B and EW7, and this effect could be rescued by
addition of the ALK4/5/7 kinase inhibitor SB-431542
(Figure 3a). These results suggest that EW7 and MUM-
2B cells have lost their responsiveness to TGF-b owing to
increased endoglin expression. We therefore hypothesized

Figure 1 Endoglin is expressed in Ewing sarcoma and melanoma cell lines and lesions. (a) Endoglin expression in Ewing sarcoma and
melanoma cell lines correlates with their plastic phenotype. Endoglin mRNA levels measured by quantitative real-time RT–PCR in the
highly aggressive, vasculogenic mimicry positive (VMþ ) Ewing sarcoma (EW7) and melanoma (MUM-2B and C8161) compared with
the less aggressive VM negative (VM-), Ewing sarcoma (A673, RD-ES and SIM/EW27) and melanoma (MUM-2C and C81-61) cell
lines (n¼ 3). (b) Immunohistochemical analysis of endoglin expression on primary cutaneous melanoma lesions shows expression of
endoglin on blood vessels and on the cell membrane of tumor cells. The images on the left panel represent areas of the same tumor. The
images on the right panel represent different magnification of the same tumor. (c) Immunohistochemical analysis of endoglin
expression on Ewing sarcoma lesions shows expression of endoglin on blood vessels and on the tumor cells around the blood lakes (the
images represent different areas of the same tumor). (d–f) Histochemical analysis of endoglin expression on an Ewing sarcomaTMA.
(d) Analysis of endoglin expression levels on tumor cells of Ewing sarcoma (TMA) (0, negative; 1, low expression; 2, high expression).
(e) Percentage of endoglin-expressing tumor cells/sample varies between the endoglin-positive Ewing sarcoma samples (TMA).
(f) Kaplan–Meier survival curve showing that Ewing sarcoma patients with endoglin expression on tumor cells (endoglin þ ) had
significant worse survival than patients with no endoglin expression on tumor cells (endoglin �) (Log-rank 7.161, P¼ 0.007). *, blood
vessel; BL, blood lake; T, tumor (*Pp0.05, **Pp0.01).
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that increased TGF-b/ALK5 signaling, due to endoglin
downregulation, resulted in reduced tube formation.
Endoglin downregulation resulted in increased TGF-b-
induced Smad2 and Smad3 phosphorylation in EW7
(Figure 3b) and increased TGF-b/Smad3-induced trans-
criptional activity in EW7 (Figure 3c) and MUM-2B
(Supplementary Figures 5a and b). Moreover, expres-
sion of the TGF-b/ALK5 target gene PAI-1 was
significantly increased in the endoglin knockdown
EW7 cells (Figure 3d). Next we investigated whether
inhibition of the enhanced TGF-b/ALK5 pathway
could reverse the inhibitory effect of endoglin down-
regulation on network formation. However, inhibition
of TGF-b signaling with the ALK4/5/7 kinase inhibitor
did not rescue the effect of endoglin downregulation on
vasculogenic network formation (Figure 3e). These
results suggest that the defects seen in the endoglin
knockdown cells not only result from enhanced TGF-b
signaling and imply an additional, not only TGF-b-
dependent, function of endoglin in network formation
and tumor cell plasticity.

Addition of the BMP2/4/7 inhibitor noggin resulted
in 50 and 20% reduction in tube formation in EW7 and
MUM-2B, respectively (Figure 4a). It has been de-
scribed that endoglin promotes BMP signaling, raising
the possibility that the effects seen in the endoglin
knockdown cells are due to attenuated BMP signaling.
Indeed, endoglin downregulation resulted in reduced
BMP-induced Smad1 phosphorylation (Figure 4b) and
BMP transcriptional responses in EW7 and MUM-2B
(Figure 4c and Supplementary Figure 5c). In addition,
noggin did not affect network formation in EW7
endoglin knockdown cells, suggesting a deregulated
endogenous BMP pathway (Figure 4d). As noggin is a
natural antagonist of BMP2/4/7, we sought to investi-
gate which of these BMPs are expressed in EW7 and
MUM-2B cells. Quantitative real-time PCR analysis
showed that both BMP2 and BMP4 are expressed in
EW7 and MUM-2B cells, although BMP6 and BMP7
are not expressed at detectable levels (Figure 4e and
Supplementary Figure 5d). These data suggest an
important stimulatory role of endoglin in promoting

Figure 2 Endoglin downregulation interferes with tumor cell plasticity. (a) Protein analysis of the effect of shRNA-mediated silencing
of endoglin in EW7 and MUM-2B cells. (b, c) Control shRNA (shCtrl) or endoglin shRNA (shEng1) EW7 (b) and MUM-2B (c) stable
clones infected with empty vector (white bars) or endoglin (black bars) overexpressing lentivirus were plated on matrigel to analyze
their ability for network formation. Data represent the number (mean±s.d.) of junctions formed during the assay (n¼ 3). (d) Bright-
field images of shCtrl or shEng1 EW7 cultured on 2-D matrigel. (e) Bright-field images of shCtrl or shEng1 EW7 and MUM-2B cells
cultured on 3-D collagen matrices. (f) EW7 and MUM-2B cells were treated with Fc or endoglin-Fc (Endo-Fc) protein for 24 h. Cells
were harvested and seeded on matrigel with Fc or endoglin-Fc to analyze network formation. The number (mean±s.d.) of junctions
formed during the assay was counted (n¼ 3) (**Pp0.01).
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tumor cell plasticity by facilitating more effective BMP
signaling.

Endoglin downregulation interferes with tumor cell
plasticity by interfering with FAK, PI3K and integrin
pathways
To further explore the molecular mechanisms by which
endoglin regulates tumor cell plasticity, we surveyed the
potential links between endoglin and signaling pathways
of known relevance to tumor cell plasticity. Focal
adhesion kinase (FAK) was shown to have an important
role in tumor cell plasticity of melanoma cells (Hess
et al., 2005). Therefore, we assessed the effect of
endoglin downregulation on the FAK pathway. We
found that endoglin downregulation resulted in reduced
FAK Y397-phosphorylation in both EW7 and MUM-
2B (Figure 5a). Moreover, phospho-paxillin stainings
revealed that organization of focal adhesions was
altered in the EW7 endoglin shRNA compared with
control shRNA (Supplementary Figure 6). In addition,
endoglin shRNA cells displayed increased actin stress
fibers as shown by phalloidin staining (Supplementary
Figure 6). These results suggest that endoglin knock-

down interferes with the FAK pathway in Ewing sarcoma
and melanoma.

The phosphoinositide-3-kinase (PI3K) pathway was
previously shown to have an important role in tumor
cell plasticity of melanomas (Hess et al., 2003). Endoglin
downregulation in the EW7 cells resulted in decreased
basal PI3K activity, which was shown by performing the
lipid PI3K kinase assay (Figure 5b). Treatment of control
shRNA cells with the PI3K inhibitor LY294002 resulted
in inhibition of tube formation; however, the PI3K
inhibitor had no effects on tube formation of endoglin
knockdown cells (Figure 5c), suggesting that endoglin
downregulation results in attenuated PI3K signaling.

Previous studies have suggested that increased serum
osteopontin levels, one of the ligands for integrin avb3,
correlates with melanoma metastasis and that integrin
signaling has an important role in tumor progression
(Dome et al., 2005; Zhou et al., 2005; Kadkol et al.,
2006). Quantitative PCR analysis revealed that expres-
sion of integrin b3 and osteopontin was downregulated
in the endoglin shRNA cells (Figures 5d and e).
Moreover, overexpression of integrin b3 could rescue
the effect of endoglin knockdown on tube formation of
EW7 cells (Figure 5f). Collectively, these data suggest

Figure 3 TGF-b signaling inhibits tumor cell plasticity of Ewing sarcoma and melanoma. (a) EW7 and MUM-2B cells infected with
adenoviruses expressing caALK5 or LacZ were plated on matrigel and allowed to form networks in the presence or absence of the
ALK4/5/7 inhibitor SB-431 542. The number (mean±s.d.) of junctions formed is shown (n¼ 3). (b) shCtrl and shEng1 EW7 cells were
exposed to TGF-b3 (5 ng/ml) for the indicated time periods. Phosphorylation of Smad2 and Smad3 was determined by western
blotting. Actin served as a loading control. (c) TGF-b-induced transcription was determined by transient transfection of (CAGA)
12-luciferase in shCtrl and shEng1 EW7 cells. Cells were stimulated without (white bars) or with TGF-b3 (5 ng/ml) (black bars) for 16 h
and relative luciferase activity was measured (n¼ 3). (d) Quantitative real-time PCR analysis of PAI-1 in shCtrl or shEng1 and shEng2
EW7 cells. Data are presented as the relative gene expression compared with ARP as a mean of three measurements±s.d (n¼ 3).
(e) shCtrl and shEng1 cells were cultured for 48 h in the presence or absence of SB-431 542 (10mM). Cells were plated on matrigel
in the presence or absence of SB-431 542 to analyze network formation. The number (mean±s.d.) of junctions is shown (n¼ 3)
(**Pp0.01).
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that endoglin downregulation, by interfering with the
expression of integrin b3, affects tumor cell plasticity.

As endoglin downregulation results in reduced BMP
signaling, we wondered whether decreased integrin b3
and osteopontin expression is due to decreased BMP
signaling. Therefore, we analyzed the effect of BMP and
noggin treatment on integrin b3 and osteopontin
expression. BMP treatment resulted in small but
significant increase in integrin b3 and osteopontin
mRNA expression in EW7 and MUM-2B (Supplemen-
tary Figures 7a and c), but not in endoglin knockdown
EW7 cells (Supplementary Figures 7b and d). However,
noggin had no effects on integrin b3 and osteopontin
expression. These results suggest that endoglin may also
regulate expression of integrin b3 and osteopontin via
other signaling pathways besides BMP signaling.

Endoglin downregulation attenuates the aggressive
phenotype of Ewing sarcoma and melanoma
As endoglin expression correlates with tumor cell
plasticity, we wondered whether it associates with more
aggressive behavior. To address this possibility, we
examined the effect of endoglin downregulation on
anchorage-independent growth and invasiveness. En-
doglin knockdown resulted in decreased colony forma-
tion of EW7 in soft agar (Figure 6a). Moreover,
invasiveness of EW7 endoglin shRNA cells in a three-
dimensional collagen spheroid assay was reduced by

40% (Supplementary Figure 8a). These results suggest
that endoglin expression is important for the aggressive
phenotype of Ewing sarcoma in vitro.

To determine the role of endoglin on tumor progres-
sion of Ewing sarcoma and melanoma in vivo, we
transplanted control and endoglin shRNA clones into
the flank of Swiss nude mice. Endoglin knockdown
resulted in a 50–70% decrease in tumor volume of both
tumor types (Figures 6b and c), despite the fact that
some of the clones regained endoglin expression after
in vivo passaging (Supplementary Figures 8b and c).
Immunohistochemical analysis of phosphorylated his-
tone H3 levels in tumors revealed that endoglin down-
regulation significantly reduced proliferation of EW7
and MUM-2B in vivo (Figures 6d and e). The observed
effects were not due to proliferation defects in vitro as
there were no significant differences in their proliferative
capacity (Supplementary Figures 8d and e) or the levels
of phosphorylated histone H3 (Supplementary Figures
9a and b). In addition, an increased rate of necrosis was
evident in the tumors from endoglin knockdown cells
(Figure 6f). Decreased tumor growth and increased level
of necrosis might be the result of reduced angiogenesis.
However, histological staining for endothelial cell-
specific markers revealed that endoglin downregulation
in the tumor cells did not affect microvascular density
(Supplementary Figures 9c and d). These results show
that endoglin downregulation attenuates tumor growth
of Ewing sarcoma and melanoma in vivo.

Figure 4 Endoglin and BMP signaling have an important role in tumor cell plasticity of Ewing sarcoma and melanoma. (a) EW7 and
MUM-2B were plated on matrigel and allowed to form networks in the absence (white bars) or presence (black bars) of the BMP
inhibitor noggin (300 ng/ml). The number (mean±s.d.) of junctions formed during the assay is shown (n¼ 3). (b) shCtrl and shEng1
EW7 were exposed to indicated concentrations of BMP6 for 45min. Phosphorylation of Smad1 was determined by western blotting.
Actin served as loading control. (c) BMP-induced transcription was determined by transient transfection of BRE-luciferase in shCtrl or
shEng1 EW7 cells. Cells were starved and then incubated without (white bars) or with BMP6 (50 ng/ml) (black bars) for 16 h and
relative luciferase activity was measured. (d) shCtrl and shEng1 cells were plated on matrigel in the absence (white bars) or presence
(black bars) of noggin and the number (mean±s.d.) of junctions was quantified (n¼ 3). (e) Quantitative real-time PCR analysis of
BMP2, 4, 6 and 7 in EW7 cells. Data are presented as the % of relative gene expression compared with ARP±s.d (n¼ 3) (*Pp0.05,
**Pp0.01).
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Discussion

Ewing sarcoma and melanoma are aggressive tumor
types with high incidence of metastasis and most
importantly poor prognosis. An evolving concept in
cancer is that of tumor cell plasticity. Aggressive tumor
cells have the plasticity to transdifferentiate and to
express genes usually expressed in various normal tissues
and they are resistant to current cancer therapeutics
(Hendrix et al., 2003, 2007). Thus, delineation of their
molecular characteristics is essential for the development
of new therapeutic strategies.

Experimental data have provided evidence that tumor
cell plasticity of both Ewing sarcoma and melanoma
enables them to embrace endothelial-like characteristics
(Hendrix et al., 2003). Here we present data suggesting
that endoglin expression correlates with the plastic
phenotype of two types of aggressive tumor cells, Ewing
sarcoma and melanoma. Immunohistochemical analysis
revealed that endoglin is expressed on the vasculature as
well as on the tumor cells of Ewing sarcoma and
primary melanoma samples. Analysis of a TMA
containing Ewing sarcoma tissues revealed endoglin
expression on tumor cells in 45% of the samples.

Figure 5 Endoglin knockdown interferes with tumor cell plasticity of Ewing sarcoma and melanoma by deregulating FAK, PI3K and
integrin signaling. (a) Western blot analysis of protein lysates from shCtrl control and shEng1 endoglin knockdown EW7 and MUM-
2B cells for pY397-FAK protein levels. Actin served as loading control. (b) shCtrl and shEng EW7 cells were harvested and lysates
subjected to immunoprecipitation with phosphotyrosine antibody. In vitro kinase activity of PI3K was examined using L-a-
phosphatidylinositol as a substrate. Lipids were extracted and resolved on oxalate-coated TLC plates. (c) shCtrl and shEng1 EW7 cells
were plated on matrigel in the presence or absence of the PI3K inhibitor LY29400 and the number (mean±s.d.) of junctions was
quantified (n¼ 3). (d, e) Quantitative PCR analysis of osteopontin (d) and integrin b3 (e) in shCtrl and shEng1 cells. Data are presented
as the relative gene expression compared with ARP as a mean of three measurements±s.d. (f) shCtrl and shEng1 EW7 cells infected
with control empty virus (vector), or virus overexpressing endoglin or integrin b3, plated on matrigel and the number (mean±s.d.) of
junctions was quantified (n¼ 3) (**Pp0.01).
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Endoglin expression on tumor cells was associated with
decreased survival of Ewing sarcoma patients. These
results suggest that endoglin may be used as a progno-
stic marker for Ewing sarcomas or other types
of aggressive tumors. Further studies in a larger group
of Ewing sarcoma patients as well as other types of
aggressive tumors will validate the potential of endoglin
as a prognostic marker for highly aggressive tumors and
its association with poor prognosis.

Downregulation of endoglin interferes with tumor cell
plasticity as endoglin knockdown cells have decreased
ability to form vasculogenic-like networks on 2-D and
3-D matrices in vitro. In vitro studies have suggested that

formation of tumor-lined vascular channels will prob-
ably escape conventional antiangiogenic therapies (van
der Schaft et al., 2004). Several studies have considered
endoglin as a therapeutic target in antiangiogenic
therapies. Endoglin-neutralizing antibodies can target
tumor vasculature and inhibit tumor growth in mouse
tumor models (Seon et al., 1997) and soluble endoglin
can interfere with endoglin function on endothelial cells
and inhibit angiogenesis (Venkatesha et al., 2006;
Hawinkels et al., 2010). Endoglin-Fc and soluble
endoglin, but not soluble Flt1, could inhibit network
formation of Ewing sarcoma and melanoma. Further-
more, endoglin knockdown resulted in reduced

Figure 6 Endoglin downregulation abrogates Ewing sarcoma and melanoma tumorigenicity. (a) shCtrl control and shEng1 endoglin
knockdown EW7 cells were cultured for 14 days in a soft agar assay. Colonies were stained and quantified. Phase-contrast microscopy
of colonies in soft agar. (b, c) 1� 106 of shCtrl, and two different shEng clones (different shRNAs) of Ew7 (b) and MUM-2B (c) cells,
were inoculated into the flank of Swiss nude mice (n¼ 8) and tumor volumes were measured at the indicated time points (mean±s.d.).
(d) In vivo proliferation was assessed by immunohistochemical detection of phospho-histone-H3 on tumor sections obtained from the
inoculated control or knockdown cell lines. Relative number (mean±s.d.) of phospho-histone-H3 positive cells was quantified using
Image J software. (e) Representative images of immunohistochemical analysis of phospho-histone-H3 in tumor sections from shCtrl
control and shEng1 endoglin knockdown EW7 cells. (f) Tumors derived from the shCtrl and shEng inoculated cells were stained with
H&E. Necrotic area (mean±s.d.) was quantified using Image J software (*Pp0.05, **Pp0.01).
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invasiveness and anchorage-independent growth of
EW7 cells. Finally, downregulation of endoglin expres-
sion significantly reduced proliferation and tumor
growth of both tumor types in vivo, despite the fact
that some of the clones regained endoglin expression.
Additionally, tumors from endoglin knockdown cells
showed large areas of necrosis. This was not due to
decreased angiogenesis, suggesting that endoglin down-
regulation affects solely the tumor cells and their growth
in vivo.

In several systems endoglin expression inhibits the
TGF-b/ALK5 (Guo et al., 2004; Lebrin et al., 2004;
Bernabeu et al., 2009) while promoting the BMP
signaling pathway (David et al., 2007). TGF-b had no
effect on the ability of Ewing sarcoma and melanoma
lines to form networks, due to increased endoglin
expression. However, overexpression of a constitutively
active form of the ALK5 receptor resulted in decreased
network formation, suggesting an inhibitory role of
TGF-b signaling in tumor cell plasticity (Figure 7).
Although endoglin downregulation resulted in enhanced
TGF-b/ALK5 signaling, inhibition of the enhanced
TGF-b pathway could not reverse the effects seen in
the endoglin knockdown cells, suggesting the involve-
ment of other pathways. Previous studies suggested that
another member of the TGF-b superfamily, Nodal, has
an important role in tumor cell plasticity and tumor
growth of melanomas by activating the Smad2/3 path-
way (Topczewska et al., 2006). However, our results
demonstrate that activation of the ALK5/Smad2/3
pathway has inhibitory effects on tumor cell plasticity
of aggressive Ewing sarcoma and melanoma. TGF-b
signaling can be modulated not only on the level of
Smad phosphorylation. For example, upregulation of
inhibitors like Ski and Sno in melanoma can inhibit
TGF-b signaling downstream of Smad2/3 phosphoryla-
tion (Medrano 2003). In addition, it has been shown
that during mouse development, Nodal activates BMP4
signaling and together they regulate mesoderm and

mesendoderm formation (Ben-Haim et al., 2006).
Although there are no studies on the role of endoglin
in Nodal signaling, it will be interesting to investigate
the interplay of endoglin and Nodal signaling in tumor
cell plasticity.

Our results suggest that endoglin downregulation
resulted in decreased BMP signaling and that autocrine
BMP signaling (presumably BMP2 or BMP4) has an
important role in tumor cell plasticity of EW7 and
MUM-2B cells (Figure 7). In line with our results,
previous studies suggested that BMPs promote melano-
ma tumor growth and invasion. It was shown that
BMP2 and BMP4 have an important role in melanoma
plasticity and that melanoma cells with reduced BMP
signaling showed reduced tumor growth and large
necrotic areas (Rothhammer et al., 2005, 2007).
However, thus far, there are no studies on the role of
BMPs on the aggressiveness of Ewing sarcoma. Future
studies will shed more light on the role of BMPs in
Ewing sarcoma development.

It was shown that the FAK and PI3K pathways have
an important role in melanoma tumor cell plasticity
(Hess et al., 2003, 2005) and that integrin signaling
regulates anchorage-independent growth, invasiveness
and tumor growth. In addition, expression of integrin
avb3 and osteopontin is increased in aggressive, highly
metastatic cancer cells (Dome et al., 2005; Kadkol et al.,
2006). Our results suggest that depletion of endoglin
interferes with the activity of the FAK and PI3K
pathways. Additionally, endoglin downregulation re-
sulted in decreased expression of integrin b3 and
osteopontin. Interestingly, integrin b3 overexpression
could rescue the effect of endoglin knockdown on
network formation. These results suggest a crosstalk
between endoglin and the integrin/FAK/PI3K path-
ways. Future studies will shed more light on the
molecular mechanisms by which endoglin associates
with these pathways. Taking together, our results
suggest that endoglin is required for efficient signaling

Figure 7 Schematic model outlining the role of endoglin in tumor cell plasticity. Endoglin acts in concert with several signaling
molecules to maintain tumor cell plasticity. Endoglin by promoting BMP signaling and inhibiting TGF-b signaling potentiates the
plastic phenotype of tumor cells. Involvement of endoglin, either directly or indirectly, in the activity of FAK and PI3K signaling and
the regulation of integrin b3 and osteopontin expression further contributes to the plastic phenotype of aggressive tumor cells. BMPRI,
BMP receptor I; BMPRII, BMP receptor II; RTK, receptor tyrosine kinase; TbRI, TGF-b receptor I (ALK5); TbRII, TGF-b
receptor II.
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of multiple pathways in order to maintain tumor cell
plasticity and tumor growth, and that there is an active
crosstalk and tight balance between TGF-b/BMP and
non-TGF-b/BMP pathways wherein endoglin has an
important role (Figure 7).

Despite the fact that Ewing sarcoma and melanoma
are tumors of different origin, endoglin downregulation
inhibited tumor cell plasticity and tumor growth of both
tumor types. In addition, endoglin expression is higher
in the more aggressive MUM-2B melanoma cell line
compared with the MUM-2C cell line derived from the
same explants of metastatic uveal melanoma, further
exemplifying the positive correlation between endoglin
expression and tumor progression. In line with our
observations, endoglin RNA expression was shown to
be upregulated in aggressive ovarian and prostate cancer
cell lines that can form tube-like networks in vitro (Sood
et al., 2001; Sharma et al., 2002). Endoglin was also
found to be expressed on glioblastoma stem-like cells
that can form vascular-like structures (Hallani et al.,
2010). It was also shown that endoglin expression on
breast cancer cells enhances their invasive phenotype by
inducing invadopodia formation (Oxmann et al., 2008).
Interestingly, in this system endoglin potentiated the
chemotactic effect of TGF-b on the breast cancer cells.
These studies suggest that endoglin may act as a tumor
promoter. However, studies in prostate carcinoma and
esophageal squamous cell carcinoma lines suggested
that endoglin interferes with their invasive phenotype
and tumor growth in vivo by inhibiting TGF-b signaling
(Liu et al., 2002; Wong et al., 2008). Other studies
have also shown that endoglin acts as a tumor
suppressor during late stages of skin carcinogenesis by
inhibiting TGF-b signaling (Perez-Gomez et al., 2007;
Bernabeu et al., 2009). Endoglin downregulation
enhances TGF-b/Smad2,3 signaling and its antiproli-
ferative effects, resulting in delayed tumor latencies of
squamous cell carcinoma and an acelerated transition to
spindle cell carcinoma. On the contrary, studies in
melanoma suggested that endoglin contributes to
the antiproliferative effect of TGF-b on these cells
(Altomonte et al., 1996). These results suggest that
endoglin function is context-dependent and demonstrate
once again the complexity of the TGF-b superfamily
signaling. The controversial results of different studies,
wherein endoglin exhibits distinct effects on tumorigen-
esis, are probably because of the type (origin) of tumor
cells, which may represent different phases of the
multistep carcinogenesis process, the relative expression
levels of endoglin and other signaling molecules, and
their synergistic and/or antagonistic interactions with
TGF-b and non-TGF-b signaling pathways.

In summary, we have shown that endoglin expression
correlates with tumor cell plasticity and that it is
expressed in aggressive tumors of different origin at
varying levels. Endoglin expression is associated with
shortened survival time of Ewing sarcoma patients,
indicating that endoglin may serve as a molecular
diagnostic and prognostic marker. Moreover, endoglin
downregulation results in reduced tumor growth in
xenograft mouse models. Our results suggest a novel

role of endoglin in cancer progression providing a target
for new therapeutic strategies against tumor angiogen-
esis, tumor cell plasticity and tumor progression.

Materials and methods

Cell culture and reagents
Ewing sarcoma cell lines EW-7, A673, RD-ES and SIM/EW27
(Szuhai et al., 2006; Ottaviano et al., 2010) and melanoma cell
lines MUM-2B, MUM-2C, C8161 and C81-61 were previously
characterized and cultured as described (Maniotis et al., 1999;
Seftor et al., 2002; van der Schaft et al., 2005).

Generation of constructs and knockdown cells
Knockdown endoglin was achieved using pRetroSuper tech-
nology targeting the following 19-nucleotide sequences: 50-AG
AAAGAGCTTGTTGCGCA-30 (shEng1), 50-TGTCCTTGA
TCCAGACAAA-30 (shEng2) and 50-TGGTACATCTACTC
GCACA-30 (shEng3). The non-targeting sequence was 50-GGT
ACGAATGTTAGCGAAC-30 (shCtrl). Single-cell clones were
selected with puromycin (1 mg/ml) for generation of endoglin
knockdown cell lines. To generate knockdown-rescue cell lines,
we generated lentiviral constructs encoding human and mouse
endoglin. The integrin b3 retroviral construct was a kind gift of
Dr E Danen (LACDR, Leiden, The Netherlands). Knock-
down cell lines were infected with viruses; cells were allowed to
recover and used in the experiments.

Patient material and immunohistochemistry
We obtained formalin-fixed, paraffin-embedded archival tissue
from individuals with primary cutaneous melanoma (Maas-
tricht University, Maastricht, The Netherlands) or Ewing
sarcoma (Leiden University Medical Center, Amsterdam, The
Netherlands). All patient materials were handled in a coded
fashion according to the protocols as detailed by the Dutch
Association of Medical Scientific Associations.

Xenograft assays
All animal experiments were approved by the local animal
ethics committee. 1� 106 cells were injected subcutaneously
into the flank of 6-week-old female Swiss/nude mice. Primary
tumor growth rates were analyzed by measuring tumor length
(L) and width (W) and calculating tumor volume based on the
formula V¼ (W2�L)/2.

Statistical analysis
All results are expressed as the mean±s.d. Statistical
differences were examined by performing two-tailed Student’s
t-test. Survival curves were constructed using the method of
Kaplan and Meier including log-rank tests. Differences were
considered significant when Pp0.05 (*Pp0.05, **Pp0.01).

Additional procedures
Descriptions of additional experimental procedures used are
given in Supplementary Methods.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

We thank the members of our research groups for help and
suggestions during the course of this work. We are grateful to

Role of endoglin in tumor cell plasticity
E Pardali et al

343

Oncogene



Margriet Ouwens for assistance with PI3K activity assays,
Inge Briaire-de Bruijn for excellent technical assistance with
the TMA histochemical analysis, Dagmar Berghuis for help
with the patient’s clinical characteristics, and David de Gorter
for critical reading of the paper. This study was supported by

grants from the Centre of Biomedical Genetics, Dutch Cancer
Society (RUL 2005-3371), the Ludwig Institute for Cancer
Research, and FP6 EC Integrated Projects: Angiotargeting
(504743), EC STREP Tumor-Host-Genomics (518198) and
EuroBoNeT (018814).

References

Altomonte M, Montagner R, Fonsatti E, Colizzi F, Cattarossi I,
Brasoveanu LI et al. (1996). Expression and structural features of
endoglin (CD105), a transforming growth factor b1 and b3 binding
protein, in human melanoma. Br J Cancer 74: 1586–1591.

Ben-Haim N, Lu C, Guzman-Ayala M, Pescatore L, Mesnard D,
Bischofberger M et al. (2006). The nodal precursor acting via activin
receptors induces mesoderm by maintaining a source of its
convertases and BMP4. Dev Cell 11: 313–323.

Bernabeu C, Lopez-Novoa JM, Quintanilla M. (2009). The emerging
role of TGF-b superfamily coreceptors in cancer. Biochim Biophys

Acta 1792: 954–973.
David L, Mallet C, Mazerbourg S, Feige JJ, Bailly S. (2007).

Identification of BMP9 and BMP10 as functional activators of the
orphan activin receptor-like kinase 1 (ALK1) in endothelial cells.
Blood 109: 1953–1961.

Dome B, Raso E, Dobos J, Meszaros L, Varga N, Puskas LG et al.
(2005). Parallel expression of aIIbb3 and avb3 integrins in human
melanoma cells upregulates bFGF expression and promotes their
angiogenic phenotype. Int J Cancer 116: 27–35.

Guo B, Slevin M, Li C, Parameshwar S, Liu D, Kumar P et al. (2004).
CD105 inhibits transforming growth factor-b-Smad3 signalling.
Anticancer Res 24: 1337–1345.

Hallani SE, Boisselier B, Peglion F, Rousseau A, Colin C, Idbaih A
et al. (2010). A new alternative mechanism in glioblastoma
vascularization: tubular vasculogenic mimicry. Brain 133: 973–982.

Hawinkels LJ, Kuiper P, Wiercinska E, Verspaget HW, Liu Z, Pardali
E et al. (2010). Matrix metalloproteinase-14 (MT1-MMP)-mediated
endoglin shedding inhibits tumor angiogenesis. Cancer Res 70:
4141–4150.

Hendrix MJ, Seftor EA, Hess AR, Seftor RE. (2003). Vasculogenic
mimicry and tumour-cell plasticity: lessons from melanoma. Nat

Rev Cancer 3: 411–421.
Hendrix MJ, Seftor EA, Meltzer PS, Gardner LM, Hess AR,

Kirschmann DA et al. (2001). Expression and functional signifi-
cance of VE-cadherin in aggressive human melanoma cells: role in
vasculogenic mimicry. Proc Natl Acad Sci USA 98: 8018–8023.

Hendrix MJ, Seftor EA, Seftor RE, Kasemeier-Kulesa J, Kulesa PM,
Postovit LM. (2007). Reprogramming metastatic tumour cells with
embryonic microenvironments. Nat Rev Cancer 7: 246–255.

Hendrix MJ, Seftor RE, Seftor EA, Gruman LM, Lee LM, Nickoloff
BJ et al. (2002). Transendothelial function of human metastatic
melanoma cells: role of the microenvironment in cell-fate determi-
nation. Cancer Res 62: 665–668.

Hess AR, Postovit LM, Margaryan NV, Seftor EA, Schneider GB,
Seftor RE et al. (2005). Focal adhesion kinase promotes the
aggressive melanoma phenotype. Cancer Res 65: 9851–9860.

Hess AR, Seftor EA, Gardner LM, Carles-Kinch K, Schneider GB,
Seftor RE et al. (2001). Molecular regulation of tumor cell
vasculogenic mimicry by tyrosine phosphorylation: role of epithelial
cell kinase (Eck/EphA2). Cancer Res 61: 3250–3255.

Hess AR, Seftor EA, Seftor RE, Hendrix MJ. (2003). Phosphoinositide
3-kinase regulates membrane Type 1-matrix metalloproteinase
(MMP) and MMP-2 activity during melanoma cell vasculogenic
mimicry. Cancer Res 63: 4757–4762.

Hillen F, Kaijzel EL, Castermans K, oude Egbrink MG, Lowik CW,
Griffioen AW. (2008). A transgenic Tie2-GFP athymic mouse
model; a tool for vascular biology in xenograft tumors. Biochem
Biophys Res Commun 368: 364–367.

Kadkol SS, Lin AY, Barak V, Kalickman I, Leach L, Valyi-Nagy K
et al. (2006). Osteopontin expression and serum levels in metastatic

uveal melanoma: a pilot study. Invest Ophthalmol Vis Sci 47:
802–806.

Lebrin F, Goumans MJ, Jonker L, Carvalho RL, Valdimarsdottir G,
Thorikay M et al. (2004). Endoglin promotes endothelial cell
proliferation and TGF-b/ALK1 signal transduction. EMBO J 23:
4018–4028.

Liu Y, Jovanovic B, Pins M, Lee C, Bergan RC. (2002). Over
expression of endoglin in human prostate cancer suppresses cell
detachment, migration and invasion. Oncogene 21: 8272–8281.

Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM, Pe0er J et al.
(1999). Vascular channel formation by human melanoma
cells in vivo and in vitro: vasculogenic mimicry. Am J Pathol 155:
739–752.

Medrano EE. (2003). Repression of TGF-b signaling by the oncogenic
protein SKI in human melanomas: consequences for proliferation,
survival, and metastasis. Oncogene 22: 3123–3129.

Mueller AJ, Bartsch DU, Folberg R, Mehaffey MG, Boldt HC, Meyer
M et al. (1998). Imaging the microvasculature of choroidal
melanomas with confocal indocyanine green scanning laser
ophthalmoscopy. Arch Ophthalmol 116: 31–39.

Ottaviano L, Schaefer KL, Gajewski M, Huckenbeck W, Baldus S,
Rogel U et al. (2010). Molecular characterization of commonly used
cell lines for bone tumor research: a trans-European EuroBoNet
effort. Genes Chromosomes Cancer 49: 40–51.

Oxmann D, Held-Feindt J, Stark AM, Hattermann K, Yoneda T,
Mentlein R. (2008). Endoglin expression in metastatic breast cancer
cells enhances their invasive phenotype. Oncogene 27: 3567–3575.

Perez-Gomez E, Villa-Morales M, Santos J, Fernandez-Piqueras J,
Gamallo C, Dotor J et al. (2007). A role for endoglin as a suppressor
of malignancy during mouse skin carcinogenesis. Cancer Res 67:
10268–10277.

Rothhammer T, Bataille F, Spruss T, Eissner G, Bosserhoff AK.
(2007). Functional implication of BMP4 expression on angiogenesis
in malignant melanoma. Oncogene 26: 4158–4170.

Rothhammer T, Poser I, Soncin F, Bataille F, Moser M, Bosserhoff
AK. (2005). Bone morphogenic proteins are overexpressed in
malignant melanoma and promote cell invasion and migration.
Cancer Res 65: 448–456.

Scavelli C, Nico B, Cirulli T, Ria R, Di PG, Mangieri D et al. (2008).
Vasculogenic mimicry by bone marrow macrophages in patients
with multiple myeloma. Oncogene 27: 663–674.

Seftor EA, Meltzer PS, Kirschmann DA, Pe0er J, Maniotis AJ, Trent
JM et al. (2002). Molecular determinants of human uveal melanoma
invasion and metastasis. Clin Exp Metastasis 19: 233–246.

Seon BK, Matsuno F, Haruta Y, Kondo M, Barcos M. (1997). Long-
lasting complete inhibition of human solid tumors in SCID mice by
targeting endothelial cells of tumor vasculature with antihuman
endoglin immunotoxin. Clin Cancer Res 3: 1031–1044.

Sharma N, Seftor RE, Seftor EA, Gruman LM, Heidger Jr PM, Cohen
MB et al. (2002). Prostatic tumor cell plasticity involves cooperative
interactions of distinct phenotypic subpopulations: role in vasculo-
genic mimicry. Prostate 50: 189–201.

Shirakawa K, Wakasugi H, Heike Y, Watanabe I, Yamada S, Saito K
et al. (2002). Vasculogenic mimicry and pseudo-comedo formation
in breast cancer. Int J Cancer 99: 821–828.

Sood AK, Seftor EA, Fletcher MS, Gardner LM, Heidger PM, Buller
RE et al. (2001). Molecular determinants of ovarian cancer
plasticity. Am J Pathol 158: 1279–1288.

Staege MS, Hutter C, Neumann I, Foja S, Hattenhorst UE, Hansen G
et al. (2004). DNA microarrays reveal relationship of Ewing family

Role of endoglin in tumor cell plasticity
E Pardali et al

344

Oncogene



tumors to both endothelial and fetal neural crest-derived cells and
define novel targets. Cancer Res 64: 8213–8221.

Sun B, Zhang S, Zhang D, Gu Y, Zhang W, Zhao X. (2007). The
influence of different microenvironments on melanoma invasiveness
and microcirculation patterns: an animal experiment study in the
mouse model. J Cancer Res Clin Oncol 133: 979–985.

Szuhai K, Ijszenga M, Tanke HJ, Rosenberg C, Hogendoorn PC.
(2006). Molecular cytogenetic characterization of four previously
established and two newly established Ewing sarcoma cell lines.
Cancer Genet Cytogenet 166: 173–179.

ten Dijke P, Arthur HM. (2007). Extracellular control of TGFb
signalling in vascular development and disease. Nat Rev Mol Cell

Biol 8: 857–869.
ten Dijke P, Goumans MJ, Pardali E. (2008). Endoglin in angiogenesis

and vascular diseases. Angiogenesis 11: 79–89.
Topczewska JM, Postovit LM, Margaryan NV, Sam A, Hess AR,

Wheaton WW et al. (2006). Embryonic and tumorigenic pathways
converge via Nodal signaling: role in melanoma aggressiveness. Nat

Med 12: 925–932.

van der Schaft DW, Hillen F, Pauwels P, Kirschmann DA, Caster-
mans K, Egbrink MG et al. (2005). Tumor cell plasticity in Ewing
sarcoma, an alternative circulatory system stimulated by hypoxia.
Cancer Res 65: 11520–11528.

van der Schaft DW, Seftor RE, Seftor EA, Hess AR, Gruman LM,
Kirschmann DA et al. (2004). Effects of angiogenesis inhibitors on
vascular network formation by human endothelial and melanoma
cells. J Natl Cancer Inst 96: 1473–1477.

Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim YM
et al. (2006). Soluble endoglin contributes to the pathogenesis of
preeclampsia. Nat Med 12: 642–649.

Wong VC, Chan PL, Bernabeu C, Law S, Wang LD, Li JL et al.
(2008). Identification of an invasion and tumor-suppressing gene,
Endoglin (ENG), silenced by both epigenetic inactivation and allelic
loss in esophageal squamous cell carcinoma. Int J Cancer 123:
2816–2823.

Zhou Y, Dai DL, Martinka M, Su M, Zhang Y, Campos EI et al.
(2005). Osteopontin expression correlates with melanoma invasion.
J Invest Dermatol 124: 1044–1052.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

Role of endoglin in tumor cell plasticity
E Pardali et al

345

Oncogene


	Critical role of endoglin in tumor cell plasticity of Ewing sarcoma and melanoma
	Introduction
	Results
	Endoglin expression correlates with the plastic tumor cell phenotype of Ewing sarcoma and melanoma cells
	Endoglin has a critical role in Ewing sarcoma and melanoma tumor cell plasticity
	Interplay between endoglin, TGF-β and BMP signaling pathways is crucial for Ewing sarcoma and melanoma tumor cell plasticity
	Endoglin downregulation interferes with tumor cell plasticity by interfering with FAK, PI3K and integrin pathways
	Endoglin downregulation attenuates the aggressive phenotype of Ewing sarcoma and melanoma

	Discussion
	Materials and methods
	Cell culture and reagents
	Generation of constructs and knockdown cells
	Patient material and immunohistochemistry
	Xenograft assays
	Statistical analysis
	Additional procedures

	Acknowledgements
	Note
	References




