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Summary
The emergence of omics technologies allowing the global analysis
of a given biological or molecular system, rather than the study of
its individual components,has revolutionized biomedical research,
including cardiovascular medicine research in the past decade.
These developments raised the prospect that classical,hypothesis-
driven, single gene-based approaches may soon become obsolete.
The experience accumulated so far, however, indicates that omic
technologies only represent tools similar to those classically used
by scientists in the past and nowadays, to make hypothesis and
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build models, with the main difference that they generate large
amounts of unbiased information.Thus,omics and classical hypoth-
esis-driven research are rather complementary approaches with
the potential to effectively synergize to boost research in many
fields, including cardiovascular medicine. In this article we discuss
some general aspects of omics approaches, and review contribu-
tions in three areas of vascular biology, thrombosis and haemosta-
sis, atherosclerosis and angiogenesis, in which omics approaches
have already been applied (vasculomics).
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The omics revolution
Biomedical research is largely based on the scientific method,
which by definition is hypothesis-driven: information is ga-
thered and used to formulate a well-defined hypothesis explain-
ing a cause-effect relationship between the different variables
observed. An experiment is then designed to test this hypothesis.
Ideally, the result of this experiment should tell us whether the in-
itial hypothesis was true or false. The art of the scientific method
is to choose the appropriate model and to design the best experi-
ment giving a clear and sound response.

The sequencing of the human genome together with the in-
troduction of new technologies allowing rapid, genome-wide,
quantitative analysis of gene expression in cells and tissues (i.e.
functional genomics or transcriptomics) were perceived as a
major revolution in biomedical research, since they opened a
whole new spectrum of possibilities in how biological questions
may be addressed. Using minute amounts of starting material we

can nowadays monitor the expression of the entire transcriptome
in one single experiment, which was not possible a decade ago.
Subsequently, other holistic approaches aimed at studying en-
tities in groups or aggregates (“omic”) have been introduced and
developed more or less successfully, including epigenomics,
proteomics, phenomics, cytomics, ligandomics, metabolomics,
epitomics, gylcomics, pharmacogenomics, kinomics, phy-
siomics, regulomics, vasculomics and more (1). The launching
of a journal (OMICS)1 dedicated to integrate omics results into
biology, further emphasizes the necessity to communicate re-
sults in this emerging field of research. The concept beyond
omics approaches is that a given biological or molecular system
can be best determined and understood by considering it in its
globality, rather than studying its components individually (2).
This concept is also the founding principle of systems biology in

1 www.liebertpub.com/publication.aspx?pub_id=43
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which a given system is monitored in its entirety in response to
changes so that it can be better modeled and thoroughly under-
stood compared to a single pathway approach. Accordingly,
many systemic biology studies are based on omics technologies
(3). Omics studies generates high-dimensional data sets, which
complicates the analysis requiring the massive implication of
mathematical, statistical and computational efforts (i.e. bioin-
formatics) and the development of novel analytical tools (4). For
these reasons researchers need to team up with bioinformati-
cians and biostatisticians in order to fully benefit from their
omics experiments. In order to optimize the impact on the suc-
cess of the experiments, this collaboration should start up-front
at the time of the design of the experiment.

Omics approaches and hypothesis-driven
research

From a biomedical perspective, these omics technologies raised
the expectation that they may potentially revolutionize our con-
ventional approaches to detect, understand and treat diseases and
possibly make the old hypothesis-driven, single gene-based ap-
proach obsolete. In other words, scientists traditionally focused
on one hypothesis and designed specific experiments to test it,
while nowadays omics experiments allow to gather huge
amounts of information in a single run, thereby opening the
possibility to obtain results without the need for an hypothesis.
Does this mean that omics approaches imply the end of hypoth-
esis-driven biomedical research? Certainly not. Omics ap-
proaches are emerging as rather complementary tools to hypoth-
esis-driven research. Evidence supporting this notion comes
from different observations.

First, omics-based studies have intrinsic limitations
Results obtained from omics experiments consist of lists of
genes or proteins characteristic of a given system in a certain
state and are purely descriptive. As such they can provide only a
“blurred image” of the system under investigation. When prop-
erly processed, these data might be sufficient to extract promi-
nent molecular features, such as gene expression signatures, as-
sociated with a given biological, pathological or clinical feature.
While this approach promised rapid advances in clinical medi-
cine, impact on everyday clinical practice has been so far margi-
nal (5). Although omics results give us a genome-wide view of
the elements present in a system, they tell us little about the way
they interact to each other and how they determine the biological
characteristics of the analyzed system (i.e. knowing the players
only gives us a rough idea of the game they will play). In other
words, mere omics results tell us little about mechanisms and it
is only through classical hypothesis-driven research that mech-
anisms can eventually be dissected.

Second, by integrating multiple datasets omics-
generated results can feed hypothesis-driven research
Individual omics experiments produce large amounts of infor-
mation. Different types of omics approaches (e.g. functional ge-
nomics, proteomics, metabolomics) provide complementary in-
formation, thereby increasing the complexity of the description

of a biological entity and generating huge databases. With the ac-
cumulation of omics data in public repository, such as Gene Ex-
pression Omnibus (GEO), it is now becoming possible to extract
information from one dataset, encapsulate this information in the
form of an expression signature and test its association with a
clinical or biological parameter of interest within independent
datasets. This new research paradigm for life-science research
has proven its value in cancer research. Here is an example to il-
lustrate this concept. A new breast cancer sub-type termed “mo-
lecular apocrine” and characterized by high-level of expression
of the androgen receptor gene was recently reported (6). Since
androgen receptor expressed in prostate cancer is biologically
active and promotes cancer progression, this observation raised
the question of whether this receptor may also be biologically ac-
tive in breast cancer and could therefore represent a therapeutic
target. To address this question, we used an analytical tool, the
Gene Set Enrichment Algorithm (GSEA), based on a computa-
tional method that determines whether an a priori defined set of
genes are differentially expressed between the different con-
ditions tested (7, 8). This approach can effectively be used to as-
sess the functional strength between the expression of a particu-
lar gene (in this case the androgen receptor) and its known target
genes, i.e. genes whose transcription was shown to be under the
influence of this particular gene. The a priori defined list of
genes was taken from a previous study in which androgen target
genes were identified (9). Results of the GSEA experiment
showed that the androgen receptor was indeed functionally ac-
tive in the molecular apocrine tumor group (6). The presence the
molecular apocrine subgroup overexpressing the androgen re-
ceptor was later confirmed by another group in an independent
cohort of patients (10). Furthermore, these authors have used a
breast cancer cell line (i.e. MDA-MB453) with a molecular sig-
nature characteristic of the apocrine phenotype implanted in
mice, to demonstrate that the proliferation in vivo of these cells
was androgen-dependent. These observations lead to the design
of a new phase 2 clinical trial where breast cancer patients ex-
pressing biomarkers specific for molecular apocrine are treated
with an androgen antagonist. Such an approach may be easily
transferred in the future to vasculomics research. This example,
illustrates well how omics approaches open up fully novel per-
spectives, which were hardly imaginable only a decade ago. In
this perspective the current situation is reminiscent of the early
days of microscopic cellular imaging, whereby the morphologi-
cal profile of a cell constituted the basic information to formu-
late a hypothesis linking cell morphology and cell function.
Today’s “omic” molecular profiling of the same cell serves the
same purpose but at a much higher resolution.

Third, omics approaches may generate unexpected
results that could not have been anticipated by hypo-
thesis-driven research
This, again, is well illustrated in cancer research. For diagnostic,
prognostic and therapeutic purposes cancers have been tradition-
ally classified based on histopathological features (TNM clas-
sification) (11). The discovery that signaling pathways are de-
regulated in cancer cells, mostly secondary to genetic events,
such as the loss of tumor suppressor genes (e.g. p53 or E-cadher-
in) or the activation of proto-oncogenes into oncogenes (e.g. Ras
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or c-Abl), opened up the possibility of classifying cancers, or at
least some of their features, through specific molecular events
(12), and leading to the notion of the multistep nature of cancer
development and progression (13). This approach, however, de-
pends on the discovery of individual genetic or biochemical
events altered in a given tumor. The emergence of functional ge-
nomics allowed for the first time an unbiased approach to the
molecular classification of cancer, with diagnostic and prog-
nostic implications (14). Moreover, this approach has allowed
predicting the progression and response, or the lack thereof, to
therapy of some cancers (15). Compared to gene expression pro-
filing, proteomic approaches to cancer diagnosis, prognosis and
therapy are still in their infancy. Nevertheless, it is likely that pro-
teomics will become relevant in the near future, for instance by
validating at the protein level results obtained in gene expression
studies (16, 17).

In short, omics and hypothesis-driven research effectively
complement each other: omics techniques produce information,
hypothesis-driven research sets the stage, puts order and inter-
prets the information which, on the basis of these new acquisi-
tions, allows formulating new hypotheses to be tested in classical
hypothesis-driven experiments. Conversely, omics techniques
may be used to test hypotheses that could hardly be tested with a
single gene approach. A non-exhaustive list of web pages rel-
evant to omics research is given in Table 1.

Vasculomics: omics approaches in vascular
biology and cardiovascular research

Vascular biology and cardiovascular medicine have already
largely exploited omics approaches, which, coupled with classi-
cal hypothesis-driven research, have provided new insights into
mechanisms of diseases and are generating potential novel diag-
nostic and prognostic tools. To illustrate this notion, we will
briefly highlight the contribution of functional genomics and
proteomics to the advancement of thrombosis and haemostasis,
atherosclerosis, and angiogenesis research.

Thrombosis and haemostasis
The haemostatic system, comprising the vasculature, circulating
platelets, coagulation proteins, and fibrinolytic mechanisms, is
highly complex and tightly regulated (18). The characterization
of plasma proteins through standard biochemical methods (e.g.
chromatography, 1D and 2D gel electrophoresis, peptide map-
ping) lead to the identification of many ‘factors’ mediating pro-
and anti-coagulation events. Concomitantly, these studies lead to
the discovery that many bleeding and thrombotic disorders were
caused by the absence of some of these factors (e.g. factorVIII or
VWF in haemophiliaA or von Willebrand disease) or to the pres-
ence of dysfunctional factors, as it can occur through gene poly-
morphism (e.g. factor V Leiden, prothrombin G20210A) (19).
Since the advent of proteomics, a huge effort has been deployed
in the cataloging of proteins from body fluids. Among different
body fluids, plasma has been the most studied: from 40 proteins
identified in 1977 (20), the HUPO Plasma Proteome Project now
holds a core consensus dataset of 3,020 non-redundant identified
proteins (21). Out of these proteins, 345 (11%) were annotated as

proteins with cardiovascular-related functions based of pub-
lished information (22), consistent with the relevance of the plas-
ma proteome to cardiovascular physiology and pathology in-
cluding the assessment of thrombotic risk (23). Because of their
central role in clotting, platelets have also been intensively inves-
tigated by classical biochemical methods first and, more re-
cently, by proteomics and also functional genomics approaches
(24, 25). However, this flood of data has to date resulted in only
marginal gain for clinical practice.The reasons for this ‘dead val-
ley’ between basic research (or rather the brute force acquisition
of proteomic data) and translational medicine lie in the difficul-
ty of extracting valuable biological information from the data.
Moreover, the way samples are processed may have a profound
influence on the observed profiles of peptides and proteins, a dif-
ficulty that has now been relatively well documented (26). Also,
a considerable amount of low-molecular-weight proteolytic
fragments may appear during sample processing (27). The pleth-
ora of possible in vitro artifacts makes it very difficult to extract
valuable biological information from large-scale body fluid pro-
teomics beyond protein cataloging. Trying to establish standard
procedures for sample collection, handling, and preparation can
rapidly become an extremely costly and difficult task in itself.
Despite these limitations, proteomic approaches have proved
useful in characterizing proteins in coagulation sciences (28, 29)
and might be particularly efficient in identifying proteins present
in both microparticles and secretory microvesicles (30). Micro-
particles, also known as microvesicles or ectosomes, are small
phospholipid vesicles of less than 1 µm in size that are released
from a variety of cells such as platelets, red and white blood cells,
or endothelial cells, and that contain a subset of proteins derived
from their parent cells. For a long time, microparticles have been
considered as being cell fragments or “debris” without any bio-
logical function. Nowadays they appear to be real cellular effec-
tors involved in a broad spectrum of biological activities such as
haemostasis, thrombosis, inflammation, transfer of surface pro-
teins or even angiogenesis (31). Thus, considering the import-
ance of the proteins present in microparticles or in secretory
microvesicles, and the role of platelets and endothelial cell secre-
tomes (i.e. the proteins secreted by platelets as well as by vascu-
lar cells) in haemostasis, the relevance of proteomics in vascular
research will steadily increase in the future (32).

In conclusion, omics should be integrated as an obliged ap-
proach to evaluate the interactions among different genes as well
as between genes and other acquired factors accounting for the
phenotype variability of most coagulation disorders, keeping in
mind that most frequently, the clinical skills of the investigators
are the major factors allowing identification of the various phe-
notypes.

Atherosclerosis
Atherosclerosis, with its subsequent thromboembolic compli-
cations is the primary cause of death in Western countries, but
their underlying cellular and molecular mechanisms remain
largely elusive. The complex nature of atherosclerotic diseases
demands the development of novel technologies enabling the
discovery of new biomarkers for early detection and the un-
raveling of underlying molecular mechanisms. In recent years,
functional genomics, metabolomics and proteomics have pro-
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Name Category Description URL

Source Annotation Unification tool collecting and compiling data from many scientific databases, to
encapsulate the genetics and molecular biology of genes from the genomes of
Homo sapiens, Mus musculus, Rattus norvegicus into easy to navigate
GeneReports

http://source.stanford.edu/
cgi-bin/source/sourceSearch

The Gene Ontology
(GO)

Annotation Project aimed at providing a controlled vocabulary to describe gene and gene
product attributes in any organism

http://www.geneontology.org/

Netaffx Annotation The NetAffxTM Analysis Center at Affimetrix enables researchers to correlate
their GeneChip® array results with array design and annotation information

http://www.affymetrix.com/
analysis/index.affx

Uniprot Annotation Uniprot provides a comprehensive, high-quality and freely accessible resource of
protein sequence and functional information

http://www.uniprot.org/

Prosite Annotation PROSITE consists of documentation entries describing protein domains, families
and functional sites as well as associated patterns and profiles to identify them.

http://expasy.org/prosite/

Interpro Annotation InterPro is a database of protein families, domains, repeats and sites in which
identifiable features found in known proteins can be applied to new protein se-
quences.

http://www.ebi.ac.uk/interpro/

Database for Annotation,
Visualization and
Integrated
Discovery (DAVID)

Analysis DAVID provides a comprehensive set of functional annotation tools to
understand biological meaning behind large list of genes

http://david.abcc.ncifcrf.gov/

The Eukaryotic
Promoter Database

Analysis Annotated non-redundant collection of eukaryotic POL II promoters, for which
the transcription start site has been determined experimentally

http://www.epd.isb-sib.ch/

Array express Database ArrayExpress is a public repository for transcriptomics data, which is aimed at
storing MIAME- and MINSEQE- compliant data in accordance with MGED
recommendations

http://www.ebi.ac.uk/arrayex
press

Stanford MicroArray
Database (SMD)

Database Collection of gene expression data sets in different species http://genome-www5.stanford.
edu/

Open Proteomics
Database (OPD)

Database OPD is a public database for storing and disseminating mass spectrometry
based proteomics data. The database currently contains roughly 3,000,000
spectra representing experiments from 5 different organisms.

http://bioinformatics.icmb.
utexas.edu/OPD/

Plasma Proteome
Database (PPD)

Database PPD is a comprehensive, curated, database includes information pertaining to
isoform specific expression, disease, localization, post translational modification
and single nucleotide polymorphism.

http://www.plasmaproteome-
database.org/

Cleanex Analysis CleanEx is a curated database which provides access to public gene expression
data via unique approved gene symbols and which represents heterogeneous
expression data produced by different technologies in a way that facilitates joint
analysis and cross-dataset comparisons

http://www.cleanex.isb-sib.ch/

Eisen cluster Analysis Cluster and TreeView are an integrated pair of programs for analyzing and
visuali-zing the results of complex microarray experiments. Both written by
Michael Eisen.

http://rana.lbl.gov/EisenSoft-
ware.htm

R Analysis R is a free software environment for statistical computing and graphics http://www.r-project.org/

Bioconductor Analysis Bioconductor is an open source and open development software project for the
analysis and comprehension of genomic data

http://www.bioconductor.org/

Significance Analysis
of Microarrays (SAM)

Analysis Supervised learning software for genomic expression data mining http://www.bioconductor.org/

Biometric research
branch arrays tools (BRB)

Analysis Integrated package for the visualization and statistical analysis of DNA microarray
gene expression data

http://linus.nci.nih.gov/BRB-
ArrayTools.html

GSEA (Gene Set Enrich-
ment Algorithm)

Analysis GSEA is a computational method that determines whether an a priori defined
set of genes shows statistically significant, concordant differences between two
biological states (e.g. phenotypes)

http://www.broad.mit.edu/gsea/

Kegg Analysis Knowledge-based methods and database for uncovering higher-order systemic
behaviors of the cell and the organism from genomic and molecular information.

http://www.genome.jp/kegg/

Pathway Interaction
Database

Analysis Biomolecular interactions and cellular processes assembled into authoritative
human signaling pathways

http://pid.nci.nih.gov/PID/index.
shtml

Table 1: Non-exhaustive list of useful web pages providing access to annotation and analytical tools and databases frequently used
functional genomics and proteomics studies.
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vided novel perspectives to these unmatched needs (33). Micro-
array-based gene expression studies of atherosclerotic lesions, in
combination with laser capture microdissection, have been per-
formed to analyze the pathogenic mechanisms associated with
atherosclerosis risk factors, including ageing, hypertension,
obesity, and viral infection. Most notably, gene expression
studies have identified a number of transcription factors differ-
entially expressed in endothelial cells, smooth muscle cells or
monocytes / macrophages contributing to atherogenesis, likely
involved in activating or repressing atherogenic programs (34).
They include nuclear factor-kappaB (NF-κB), peroxisome pro-
liferation-activating receptors (PPARs), the NGFI-B subfamily
of orphan receptors (TR3, MINOR and NOT) (35, 36), and
Kruppel-like transcription factors (KLF) (37, 38). Gene profil-
ing of atherosclerotic plaques in ApoE-/- mice identified many
genes differentially expressed during plaque progression (39).
Chemokines, such as monocyte chemoattractant protein (MCP)
-1 and -5, or macrophage inflammatory protein (MIP)-1α, -1β,
and -2, and matrix degradation enzymes, such as cathepsin-S and
matrix metalloproteinase-2, were found associated with disease
progression. Remarkably, antibody-mediated inhibition of
MCP-1 and -5 in ApoE-/- mice reduced plaque area and macro-
phage content and increased collagen content, resulting in
plaque stabilization. In addition, gene expression patterns during
the development of in-stent restenosis and in response to statin
therapy have been reported (33).

Using proteomics and metabolomics approaches to char-
acterize Sca-1+ smooth muscle progenitors in ApoE-/- mice, it
was found that smooth muscle cells derived from Sca-1+ pro-
genitors had an improved glucose uptake, reduced interleukin
(IL)-6 production and upregulated insulin-like growth factor
binding proteins (IGFBP) 3 and 6 expression, compared to
smooth muscle cells derived from stem cells of wild-type mice.
The functional significance of these observations to athero-
sclerosis was demonstrated through interventional studies in
normo- and hypercholesterolemic mice (40).

A biotin protein labeling approach in vivo, coupled with avi-
din-based affinity isolation, SDS-PAGE, and LC-MS/MS analy-
sis, identified 81 proteins mostly involved in immune and in-
flammatory responses, cell adhesion, and lipid metabolism,
whose expression was altered in atherosclerotic tissue (41).

Gene expression studies have also been applied to character-
ize changes in atherosclerotic lesions in atherosclerosis-prone
mice in response to plasma lipid lowering regimes (42). Such
studies led to the identification of a network of atherosclerosis
genes that in response to lowering plasma cholesterol levels
halted plaque progression.These studies illustrate well the power
of functional genomics in identifying candidate therapeutic tar-
gets that can be subsequently validated in hypothesis-driven ex-
periments.

Since atherosclerotic plaque rupture triggers the acute onset
of cardiovascular complications, such as myocardial infarction
and stroke, it is important to characterize the biochemical com-
position of plaques. Proteomics approaches have been recently
applied to experimental models and human tissues with the pur-
pose of elucidating the mechanisms of plaque formation and
rupture and to identify biomarkers reflecting (or predicting)
these events (43). Classical proteomics approaches such as two-

dimensional (2D) gel electrophoresis followed by mass spectro-
metry (MS) lead to the identification of proteins mediating mi-
gration of vascular smooth muscle cells, matrix degradation and
inflammation contributing to plaque rupture (44, 45). Through a
direct tissue proteomic approach, over 800 proteins present in
human coronary atherosclerotic plaques were identified, thereby
providing the first large-scale proteomics map of human athero-
sclerotic plaques (46). Analysis of plasma from patients with pe-
ripheral arterial disease by surface-enhanced laser desorption/
ionization time-of-flight (SELDI-TOF) MS, identified
β2-microglobulin as a biomarker for peripheral arterial disease
(47). The characterization of proteins released by atherosclerotic
arterial walls in the supernatant of cultured normal and diseased
arteries was used as an approach to identify proteins, which may
serve as biomarkes of ongoing plaque formation (48).

Proteomics approaches have also been used to map proteins
in high- and low-density lipoprotein (HDL and LDL) complexes
and to identify novel components with potential pathophysi-
ological relevance (49, 50). Similarly, the protein composition of
foam cells has been analyzed to identify potential biomarkers for
atherosclerosis (51, 52). Proteomics analyses have been recently
associated with metabolomics studies linking alterations of cel-
lular proteins, signal transduction, cellular metabolism and phe-
notype to more comprehensively address pathophysiologic
mechanisms of atherosclerosis (53).

In short, vasculomics have already contributed to improve
our understanding of the mechanisms involved in the predisposi-
tion and pathophysiology of atherosclerosis. It can be anticipated
that vasculomics will contribute in the future to the discovery of
new genes and pathways representing novel biomarkers or candi-
date therapeutic targets in atherosclerosis, opening novel oppor-
tunities to translate experimental knowledge into clinical prac-
tice (54).

Angiogenesis and vascular remodelling
Over the past decade, angiogenesis has emerged as one of the
fast-growing fields in biomedical research.Angiogenesis plays a
key role in many physiological and pathological situations, in-
cluding development, tissue remodeling, wound healing, repro-
duction, inflammation, cancer and metabolic diseases (e.g. obes-
ity, diabetes) (55). In recent years many cellular and molecular
mechanisms of angiogenesis have been unraveled, and transcrip-
tomics and proteomic approaches contributed to this progress
(56). Functional genomics and proteomics have been combined
with forward and reverse genetic screens to identify candidate
therapeutic targets for pro- and anti-angiogenic strategies (57).
Gene expression profiling studies were used to characterize the
genetic programs activated by different angiogenic factors, such
as VEGF, PlGF or FGF2. Remarkably, different factors were
found to induce expression of distinct sets of genes with only
little overlap (58–60). A number of studies used transcriptomics
approaches to systematically compare gene expression in en-
dothelial cells isolated from normal, tumor and regenerating
blood vessels. Collectively, these studies revealed that depending
on their origin and activation state, endothelial cells initiate dif-
ferent gene expression programs, thereby revealing differences
between physiological and pathological angiogenesis potentially
important for the development of tumor-specific, vascular-tar-
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geted therapies or for diagnostic and monitoring purposes (61,
62, 63, 64).

In an elegant study, Abdollahi et al. used a genome-wide ex-
pression profiling and phosphorylation analysis approach to
demonstrate that in human microvascular endothelium, endosta-
tin, an endogenous inhibitor of angiogenesis, down-regulates an-
giogenic signaling pathways and up-regulates the expression of
anti-angiogenic genes (65). This study also identified genes not
previously associated with angiogenesis. Gene expression pro-
filing has been used to characterize the molecular features of en-
dothelial cells in specific vascular beds, most notably of the lung
(66). Besides classical endothelial cell genes, such as VEGF re-
ceptor (VEGFR)-1, VEGFR-2, angiopoietin-2, Tie1 and Tie2, or
VE-cadherin, genes involved in vascular development, including
(e.g. delta/notch and Wnt), as well as of genes that had little or no
previous association with endothelial cells were identified. Gene
expression profiling in normal versus tumoral endothelial cells
has also been used to identify potential biomarkers for tumor an-
giogenesis (63, 67, 68).

Proteomics approaches are less advanced in the study of an-
giogenesis compared to functional genomics, mostly because of
current methodological limitations. Nevertheless, they have al-
ready delivered interesting results. Proteomics approaches in
vitro have been used to identify proteins expressed in cultured
endothelial cells under normal conditions (69), in response to
tumor cells (70), or to pro-apoptotic drugs (71) and to identify
novel drug target. For example, by using an affinity capture ap-
proach on surface-immobilized tyrosine kinase inhibitor (i.e.
SU6668), in combination with MS, the aurora kinases and
TANK-binding kinase 1 were identified as unanticipated
SU6668 targets (72). This approach demonstrates the potential
of chemical proteomics to characterize target specificity of ki-
nase inhibitors. Proteomics approaches were also used to charac-
terize the protein expression profiles at different stages of angio-
genesis in vivo (73) or in tumor vessels. In vivo or in vitro bio-
tinylation of luminal-accessible or cell surface proteins, fol-
lowed by selective enrichment with avidin affinity chroma-
tography coupled with LC-MS-based analysis, was used to
identify proteins preferentially expressed in kidney cancer
vessels versus normal kidney vessels, and in blood versus lym-
phatic endothelial cells (74, 75). In another approach, endothe-
lial cells were isolated from human non-small cell lung cancers
and normal lung tissue by immunomagnetic beads. Proteins
were analyzed by one-dimensional gel electrophoresis, tryptic
digestion and LC-electrospray ionization (ESI) ion trap tandem
MS. Of the hundreds of proteins identified in each sample, 16
were present in the majority of samples and retained for further
analysis. Peroxiredoxin 4, thymopoietin, coatomer and protein
complex γ subunit were subsequently validated in a larger patient
set (76). In an elegant study, isotope-coded affinity tag-labeled
proteins extracted from tissues of angiogenesis-impaired
MMP-2-/- mice and angiogenesis-competent wt mice, were ana-
lyzed by 2D-LC and tandem MS to identify novel MMP-2 targets
(77). Insulin-like growth factor binding protein 6, follistatin-like
1, cystatin C, pleiotrophin and connective tissue growth factor
(CTGF) were identified as novel MMP-2 substrates. Impor-
tantly, cleavage of CTGF and pleiotropin by MMP-2 released
bound and inactivated VEGF.

Combination of state-of-the-art proteomics technologies and
in vivo imaging is emerging as a new integrative approach to ac-
celerate validation of newly discovered vascular targets for diag-
nostic and therapeutic purposes (78).

Functional genomics and proteomics approaches were also
applied to identify vascular wall proteins as mediators or
markers of vascular remodeling. Nogo-B was identified through
a classical proteomics approach as a protein enriched in caveo-
lae/lipid rafts of vascular endothelial and smooth muscle cells.
Functional experiments have revealed that mice lacking Nogo-B
have exaggerated neointimal proliferation upon endothelial in-
jury, thereby implicating Nogo-B as regulator of vascular remo-
deling (79). SELDI-TOF MS was used to study changes in pro-
teins released by the aorta of rat strains with different susceptibil-
ities to hypertension and receiving a hypertensive drug
(L-NAME). Ubiquitin, smooth muscle (SM) 22alpha, thymosin
β4, and C-terminal fragment of filamin A, were found to be dif-
ferentially secreted in hypertensive-prone rats in response to
L-NAME and were shown to correlate with aortic wall hyper-
trophic remodeling (80).

In short, functional genomics approaches have generated
large amounts of novel and in part unexpected data on the molec-
ular characteristics of endothelial cells and tumor angiogenesis
that serve as a basis to formulate novel hypotheses, address
mechanisms and identify candidate therapeutic targets or biom-
arkers.

Simple animal models for vasculomic research
Much of experimental research in vascular development, angio-
genesis and remodeling, including omics-based research, has
been conducted in mammals, in particular mice and rats. These
complex animal models have valuable features (e.g. possibility
of genetic manipulations or therapeutic interventions), making
them interesting models for addressing topics of clinical rel-
evance such as tumor angiogenesis, atherosclerosis, or arterio-
genesis. Because of their anatomical and functional complexity,
these animal models, however, have limitations for other appli-
cations, such as genome-wide target identification, rapid func-
tional target validation, or high-throughput drug screens. For this
reason a number of simple animal models have emerged in vas-
cular and angiogenesis research in recent years, most notably the
chicken embryo (i.e. chorioallantoic membrane – CAM), Danio
rerio (zebrafish), and Xenopous laevis (African clawed frog) tad-
poles.

Thanks to the possibility to directly monitor vessel formation
over time and to easily access it (to deliver drugs or to recover tis-
sue), the CAM model has been used for many years (81). Re-
cently, genomic approaches (i.e. microarray-based screens) have
been applied in this model to dissect mechanisms of tumor an-
giogenesis (82), and proteomics-based strategies are underway.

Zebrafish has been successfully used in mutagenesis-based
genetic screens (83), morpholino oligonucleotide-mediated
knockdowns experiments (84), drug screens and target-vali-
dation experiments (85, 86), to identify new mediators of angio-
genesis or to dissect specific signaling pathways, including
Hedgehog, Notch, wnt, VEGFs/VEGFRs, FGF (87, 88). A sig-
nificant feature of this model is the possibility of performing real-
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time in vivo imaging of vessels in the whole embryo, using trans-
genic fish expressing GFP in the vessels, which greatly facilitates
morphological and phenotypical screens (89). Proteomics ap-
proaches have been applied in zebrafish to study embryonic de-
velopment (90), to identify phosphoproteins (91) and to char-
acterize the effect of hypoxia in muscles (92), and it is anticipated
that applications in vascular development will follow soon. Ze-
brafish were recently used to investigate tumor angiogenesis by
grafting mammalian tumor cells (93, 94), thereby opening new
possibilities to omics research in tumor angiogenesis.

Xenopous laevis tadpoles are being increasingly used as a
further non-mammalian model for the identification and vali-
dation of molecular targets and mechanisms of angiogenesis and
lymphangiogenesis. In general, interventions consist in the
modulation of the expression of proteins of interest (by the de-
livery of cDNA, RNAi, or antibodies), or drug testing (87, 88).
Omics technologies have been applied to Xenopous laevis, but
only rarely to the study of angiogenesis. For example, a DNA
microarray screening of vascular endothelial cells derived from
Xenopous animal cap and treated with activin and angiopoie-
tin-2, lead to the identification or XRASGRP2, a gene encoding
an homologue of human RASGRP2, which is required for hae-
matopoietic and vascular development (95). Similarly, pro-
teomics technologies have been applied to Xenopous laevis (in-
cluding eggs) but not yet to study vascular development or angio-
genesis (96).

In short, chicken CAM, zebrafish and Xenopous laevis mod-
els have already greatly contributed to the study of vascular de-
velopment and angiogenesis. Omics technologies have been ap-
plied to them, but significantly less compared to mouse and
human models and tissues. Considering several intrinsic features
of these simple models, it can be anticipated that omics ap-
proaches will be more widely applied to them in the future.

Outlook
Omic technologies, in particular functional genomics and pro-
teomics, have profoundly influenced our ability to characterize

and monitor complex biological events with wide-reaching im-
plications on the way biomedical research, including cardiovas-
cular medicine and angiogenesis research, is carried out today.
The ability to monitor thousands of genes and hundreds of pro-
teins in one single experiment may by mistakenly taken as a sug-
gestion to perform experiments without the need for a clear hy-
pothesis! One may expect that among the many data generated
by omic experiments, some will be eventually useful! While this
attitude may be tempting, it is certainly not the right one: omic
approaches cannot be reduced to “fishing” experiences in un-
familiar seas. In fact omic technologies represent tools similar to
those that scientists classically used in the past and still use today,
to make hypotheses and build models, with the difference that
they generate large amounts of unbiased information allowing to
distinguish more details of the big picture. However, if these
tools are not properly directed by a well-defined hypothesis it is
unlikely that the information they provide will generate useful
results. Thus, for omics and classical hypothesis-driven research
to effectively synergize and boost research advancement in car-
diovascular medicine and angiogenesis research, studies should
be performed in carefully chosen systems and controlled condi-
tions that have a good chance to answer the specific questions
asked. Obtained data should be submitted to a severe bioin-
formatic analysis to extract significant information. Creative
data processing combined with a skilled and sensitive re-
searcher’s eye, may disclose unexpected results, which may be
used to formulate new hypotheses, thus expanding the explora-
tion field. In this perspective omics approaches are emerging as
inspiring companions to hypothesis-driven research in vascular
biology and many other specialties.
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