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SUMMARY
Limited clinical bene�ts derived from anti-VEGF therapy have driven the identi�cation of new targets involved
in tumor angiogenesis. Here, we report an integrative meta-analysis to de�ne the transcriptional program
underlying angiogenesis in human cancer. This approach identi�ed ELTD1, an orphan G-protein-coupled
receptor whose expression is induced by VEGF/bFGF and repressed by DLL4 signaling. Extensive analysis
of multiple cancer types demonstrates signi�cant upregulation of ELTD1 in tumor-associated endothelial
cells, with a higher expression correlating with favorable prognosis. Importantly, ELTD1 silencing impairs
endothelial sprouting and vessel formation in vitro and in vivo, drastically reducing tumor growth and greatly
improving survival. Collectively, these results provide insight into the regulation of tumor angiogenesis and
highlight ELTD1 as key player in blood vessel formation.
INTRODUCTION

Angiogenesis, defined as the formation of new blood vessels
from pre-existing ones, is a key process in normal development
Significance

Angiogenesis represents a rational therapeutic target critical f
common to different cancer types enabled us to characterize th
in response to antiangiogenic therapies. A relatively unstudied
angiogenic pathways and played an important role in blood
impaired tumor growth in vivo despite the association betw
and good prognosis in multiple cancer types. These data adv
ELTD1 as an important candidate for targeted therapies.
and pathological conditions such as cancer. The proven role for
angiogenesis in providing oxygen and nutrients necessary for
tumor growth explains its clinical relevance and therapeutic
potential (Hanahan and Weinberg, 2011; Li and Harris, 2009).
or solid tumor growth. De�ning angiogenesis-related genes
e underlying core transcriptional program and its modulation
G-protein-coupled receptor, ELTD1, was regulated by key
vessel formation. Furthermore, ELTD1 silencing markedly

een high expression in tumor-associated endothelial cells
ance our knowledge of the angiogenic process and identify
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Figure 1. Derivation of Angiogenesis Meta-
signatures in Primary Human HNSCC, BC,
and CCRCC
Angiogenic profiles of 121 HNSCC (A), 959 BC (B),
and 170 CCRCC samples (C). The x axis repre-
sents seeds from highly overlapping clusters (see
Figure S1), and the y axis shows genes whose
expression clusters with the seeds; coloring
indicates strength of membership (see color
scale). Clustering on correlating expression
(membership; y axis) revealed the existence of
three distinct gene clusters associated with
different patient groups in HNSCC (A) and BC (B)
and two clusters with a more compact profile in
CCRCC (C). See also Table S1.

Cancer Cell
ELTD1 and Angiogenesis
Despite great promise in preclinical models, approved antian-
giogenic therapy has shown limited and transient efficacy due to
initial or acquired resistance (Carmeliet and Jain, 2011a). Thus,
the complex molecular programs regulating angiogenesis have
been extensively studied to discover both new targets and pre-
dictive markers.

Several approaches have been exploited (van Beijnum and
Griffioen, 2005), including in silico analysis of public databases
(Herbert et al., 2008; Wallgard et al., 2008), expression profiling
of cultured endothelial cells (ECs) (Engelse et al., 2008; Kut-
schera et al., 2011; Sana et al., 2005) or tumor-associated ECs
from a limited number of primary ex vivo samples (Ghilardi
et al., 2008; Seaman et al., 2007; St Croix et al., 2000; van
Beijnum et al., 2006), and genetic approaches in animal models
(del Toro et al., 2010; Sumanas et al., 2005; Weber et al., 2005).

Despite this, many components remain uncharacterized and
could offer new avenues for cancer treatment. Our study goal
was to identify regulators of tumor angiogenesis. Thus, we
analyzed the expression profile of more than 1,000 primary
human cancers to generate a vascular/angiogenesis core signa-
ture composed of genes whose expression jointly correlates with
that of several well-recognized angiogenesis and/or EC ‘‘seed’’
genes in multiple cancers. To select uncharacterized genes
potentially involved in angiogenesis, this analysis was comple-
mented by in vivo expression profiling of antiangiogenic thera-
pies and extensive characterization of the top-ranked candidate
in different in vitro and in vivo model systems.

RESULTS

Derivation of Cancer-Type-Specific Angiogenesis/EC
Metasignatures in Different Primary Human Tumors
First, we developed an angiogenic/vascular metasignature of
genes expressed in vivo in human tumor samples derived from
different cancer types, namely 121 head and neck squamous
230 Cancer Cell 24, 229–241, August 12, 2013 ª2013 The Authors
cell carcinomas (HNSCCs), 959 breast
cancers (BCs), and 170 clear cell renal
cell carcinomas (CCRCCs). Coexpres-
sion networks were generated using, as
initial seeds, multiple known angiogen-
esis/EC-related transcripts previously
described as upregulated in cancer and/
or involved in angiogenesis (see tables
in Supplemental Experimental Procedures available online),
thus representing ‘‘transcriptional markers’’ of angiogenesis/
microvascular density (MVD). Seeds that passed filtering based
on expression level, coexpression, and variability (see Experi-
mental Procedures and Figures S1A–S1C) were used to derive
cancer-type-specific angiogenesis metasignatures (Figure 1;
Table S1), defining differences between tumor types. HNSCC
and BC signatures were fairly heterogeneous and composed
of three distinct gene clusters associated with different groups
of seeds (Figures 1A and 1B; see Experimental Procedures).
Different clusters might reflect the complexity/heterogeneity of
the molecular program involved in tumor angiogenesis or
different vasculature types. The CCRCC profile was more
homogeneous, with only two subclusters (Figure 1C). This is
consistent with the high angiogenic capacity of CCRCCs due
to constitutive activation of the hypoxia-inducible factor pathway
(Baldewijns et al., 2010).

Generation of a Common Angiogenesis Core Signature
and Analysis of Its Modulation by Anti-VEGF and
Anti-Notch Treatments In Vivo
A product rank score (P) generated a common angiogenesis/EC
metasignature of genes consistently highly ranked among
HNSCC, BC, and CCRCC profiles. Of 471 genes whose expres-
sion positively correlated with that of the seeds (common over-
expressed angiogenesis extended signature; top 20 in Table 1
and the full list in Table S2), the largest fraction includes genes
encoding typical EC molecules (e.g., CDH5 and ESAM) or genes
expressed by ECs, tumors, and other stromal cells (e.g., CXCL12
and PDGFD). Overall, we observed enrichment for receptor-
coding genes and, to a lesser extent, extracellular matrix pro-
teins and transcription factors. Underexpressed genes were
heterogeneous between cancers (common underexpressed
angiogenesis signature; Table S3) and were not further consid-
ered. A core signature of 43 overexpressed genes that were
























