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Abstract

The use of endothelial progenitor cells (EPCs) is a promising new treatment option for cardiovascular diseases.
Many of the underlying mechanisms that result in an improvement of endothelial function in vivo remain poorly
elucidated to this date, however. We summarize the current positions and potential applications of gene-
expression profiling in the field of EPC biology. Based on our own and published gene-expression data, we
demonstrate that gene-expression profiling can efficiently be used to characterize different EPC types. Fur-
thermore, we highlight the potential of gene-expression profiling for the analysis of changes that EPCs undergo
during culture and examine changes in gene transcription in diseased patients. Transcriptome profiling is a
powerful tool for the characterization and functional analysis of EPCs in health and disease. Antioxid. Redox

Signal. 15, 1029-1042.

Introduction

ARDIOVASCULAR DISEASES are the leading cause of mor-

bidity and mortality in the Western world and impose an
ever-increasing socioeconomic burden (78, 140). The under-
lying pathological mechanism of these diseases is athero-
sclerosis, a multifactorial chronic inflammatory disorder
characterized by progressive endothelial dysfunction and for-
mation of lipid-rich plaques containing macrophages and
smooth muscle cells within the vascular wall (70). Current
therapies consist of slowing the progression of atherosclerosis
through risk-factor reduction by changes in lifestyle and
pharmaceutical intervention. When focal plaques occlude ma-
jor arteries, circulation can be restored through surgical or en-
dovascular interventions (86). These therapies have limitations,
however, and many patients reach a point at which treatment
options are exhausted (43, 86). Through the rapidly developing
field of regenerative medicine, a third treatment modality may
be available in the form of progenitor cell therapy. This therapy
aims at restoring tissue perfusion and preserving end-organ
function by using progenitor cells to improve arterial dys-
function or to stimulate neovascularization.

The concept of regenerative medicine in cardiovascular
disease dates back to a study by Asahara et al. in 1997 (5). The
authors demonstrated that bone-marrow (BM)-derived cells
with properties resembling primitive vascular cells could be
isolated from peripheral blood and that these cells contribute
to the formation of new vessels (4, 6). The cells were termed
endothelial progenitor cells (EPCs), and the following decade
saw a large number of publications confirming and extending

the findings of Asahara et al. Later, it was shown that numbers
of EPCs are reduced in the blood of patients with arterial
disease or diabetes mellitus (DM) (21, 30-32, 45, 48, 66, 75, 83,
119, 129, 135) and that circulating EPC numbers can serve as a
biomarker to predict future cardiovascular events (108, 135).
These observations suggest a role for EPCs in vascular ho-
meostasis (15) and the potential use of progenitor cells as a
treatment for cardiovascular disease. Several therapies have
been devised in the form of autologous transplantation of BM
(47, 114, 118) or mobilized progenitor cells (49, 51, 58), or
alternatively, by increasing progenitor cell numbers and
function in the circulation through the administration of
growth factors (3, 29, 81, 127).

However, much debate exists about which cell types ac-
tually contribute to the functional improvement and in-
creased perfusion observed in clinical trials thus far. Until
recently, the term EPC was used rather promiscuously, re-
ferring to circulating and cultured cells alike, although dif-
ferent phenotypes arise when different isolation techniques
and culturing methods are applied (55, 57, 93, 120, 142).
Furthermore, seemingly minor differences in experimental
procedures produce widely differing results (23, 42, 109).
Therefore, principal questions remain unanswered: What
exactly constitutes the EPC? From which lineage do EPCs
originate? Are cultured EPCs analogous to their counterparts
in vivo? Until now, EPC biology has been very much an em-
piric science, in which several therapies have been tried in vivo
and even in a clinical setting, without necessarily a complete
or accurate understanding of mechanistic underpinnings.
A more integrated view of EPC biology may be necessary to
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FIG. 1. Potential applications of gene expression profiling in EPC biology. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertonline.com/ars).

reconcile findings and to develop promising strategies for
forthcoming therapies. Other fields, such as oncology, have
benefited greatly from gene-expression profiling to identify
cellular markers and targets for treatment. Here we review the
implementation of transcriptional profiling in the field of EPC
biology.

Transcriptome Analysis

The Human Genome Project (68, 130) and the subsequent
development of technologies that enable large-scale genomic
analyses (26a, 36, 72) have widened the scope of molecular
biologic analyses to an unprecedented degree. At present, a
whole range of “-omics” has been developed, each dedicated
to giving a comprehensive view of one aspect of cellular
functioning (104, 105). Among the “-omics”, transcriptomics,
or gene-expression profiling, is currently the most widely
implemented. As methods and guidelines for reporting ex-
periments have been largely standardized (11), reproducibil-
ity has reached a level at which direct comparisons of multiple
experiments have become possible (76).

The most common method for transcriptional profiling is the
hybridization of target nucleotides to oligonucleotide DNA
microarrays. These arrays consist of a large number of gene-
specific short nucleotide sequences, called probes, immobilized
as millions of identical copies at a unique location on a solid
support (54, 72, 73). Usually, each gene is represented by one or
more probes, and each probe is present in duplicate or multi-
plicate on the microarray. Labeled target nucleotide sequences,

derived from mRNA, are hybridized to their complementary
probes to give a quantitative estimate of the abundance of the
target mRNA sequence. As microarrays are constructed to
probe the transcriptome as comprehensively as possible, it is not
necessary to know beforehand which genes are involved in the
process under investigation (73). This makes gene-expression
profiling particularly suited to generate hypotheses about pro-
cesses of which underlying mechanisms are poorly understood.
In addition, it makes analyses relatively unbiased toward ex-
pected or hypothesized effects.

Transcriptome analysis using microarrays has been used to
answer questions that are not unlike the questions that cur-
rently dominate the field of EPC biology. Gene-expression
profiling may provide insight into the characterization of
EPCs, alterations of the EPC phenotype during differentia-
tion, and comparison of EPCs in healthy and diseased states
(Fig. 1). One potential application of gene-expression profiling
is the characterization of closely related cell types. Micro-
arrays have, for instance, been extensively used to distinguish
different tumor phenotypes among morphologically very
similar tumors (2, 40, 98, 133, 139). The advantage over
methods investigating only a few markers, such as flow cy-
tometry, immunohistochemistry or polymerase chain reac-
tion (PCR), lies not only in number of markers investigated.
As microarrays probe the transcriptome comprehensively,
transcriptional profiling allows the attachment of a mean-
ingful quantitative measure to the relatedness of different
transcriptomes (59, 63). This allows the construction of a hi-
erarchy of relatedness through clustering algorithms (63) that
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TABLE 1. OVERVIEW OF PUBLISHED EPC TRANSCRIPTOME DATA

First author Year EPC type Comparison Microarray platform

Dernbach, E. (24) 2004 CACs CACs vs. CD14" monocytes, -
HMECs, and HUVECs

Urbich, C.(122) 2005 CACs CACs vs. CD14" monocytes, HG-U95Av2
HMECs, and HUVECs

Urbich, C.(124) 2005 CACs CACs vs. CD14" monocytes, HG-U95Av2
HMECSs, and HUVECs

Fiorito, C.(33) 2008 CACs Effects of vitamin C and E on HG-U133 Plus 2.0
resting and TNF-u—treated CACs

Igreja, C. (54) 2008 CACs CACs at day 1 and day 13 in culture HG-U133A

Desai, A. (25) 2009 CFU-Hills Changes in gene expression after HG-U133 Plus 2.0
3 months of exercise; comparison
of CFU-Hill with other cell types
in database

Maeng, Y.S. 2009 CB-CACs, Differences in gene expression between HG-U133 Plus 2.0

CB-ECFCs the two progenitor types

V Oostrom, O. (127) 2009 CACs Differences in gene expression between Illu Human Ref-8
patients with DM I and healthy controls

Medina, R.J. (84) 2010 CACs, ECFCs Comparison between CACs and ECFCs, Mlu WG-6 v3.0
as well as HDMEC and CD14* monocytes

Zeisberger, S.M. (144) 2010 ECFCs Gene expression in EGM-2 medium HG-U133 Plus 2.0
with FCS vs. SF-1

Tan, K (118) 2010 ECFCs Cells from patients with proliferative HG-U133 Plus 2.0

diabetic retinopathy vs. healthy controls

may reflect the taxonomy in biologic hierarchies, such as the
hematopoietic hierarchy (13, 132). Cells of uncertain ontogeny
may be compared in this fashion with existing hierarchies to
attain a better understanding about their origins. Ideally, BM-
resident and circulating EPCs could be integrated into an
expression profile-based hierarchy ranging from the he-
mangioblast to the terminally differentiated endothelial cell.
Moreover, transcriptomes of different cultured EPC pheno-
types could be compared with the endothelial and the he-
matopoietic hierarchy for a proper transcriptome-based
classification of these cells (54). The changes that isolated
EPCs undergo during the selection and differentiation process
of culture can be elucidated, as it seems that isolation and
culture alter the characteristics of a cell type to some degree,
allowing cells both to acquire markers and perhaps to induce
functional alterations (94, 120).

One of the pillars of regenerative cellular therapies is the
use of autologous cells in the treatment of disease. In the case
of EPCs, however, the function of these progenitor cells may
be impaired in diseased subjects (45, 119, 128). Identifying
which pathways and mechanisms are affected by disease
processes may provide leads for interventions or adaptation
of culture protocols that improve progenitor cell function.
Taken together, transcriptome analysis has the potential
to answer principal questions and to enhance our under-
standing of EPC identity, differentiation, and function in
health and disease. In this review, we address these issues and
provide an overview of published EPC transcriptome data
(Table 1).

EPC Identity

During embryonic development, endothelial cells and he-
matopoietic cells are thought to arise from a common pro-
genitor, termed the hemangioblast (99, 100), although the

exact sequence of intermediates is still unknown (67) (Fig. 2).
On endothelial differentiation, the newly formed angioblasts
acquire a set of early endothelial markers, including vascular
endothelial growth factor receptor 2 (VEGFR-2/KDR), CD31,
and TEK tyrosine kinase, forming primitive blood islands
(15). Vascular networks sprout from these primitive blood
islands in a process termed vasculogenesis. These networks
extend, providing an integrated vasculature throughout the
body, in a process called angiogenesis. Until the 1990s, the
prevailing paradigm was that, although endothelium has
the capacity to proliferate locally (37) in the adult, as was
demonstrated in grafts (35, 79, 92) or in transplanted organs
(62), or even by shedding circulating endothelial cells (115), no
vasculogenesis occurs in adult life. In 1997, Asahara et al. (5),
however, demonstrated the existence of circulating BM-
derived cells that are able to form colonies that have a high
resemblance to primitive vascular structures, in vitro. These
cells had characteristics of endothelial cells, such as CD31,
KDR, and endothelial nitric oxide synthase (eNOS) expres-
sion, but also displayed markers associated with early pro-
genitor cells, such as CD34 (5, 120) and CD133 (89), and were
consequently termed EPCs. It was demonstrated that these
EPCs also integrate into damaged vessels in a hindlimb-
ischemia model (4, 5, 116). Kalka et al. (61) demonstrated that
these cells could have therapeutic applications by injecting
human EPCs into an athymic nude mouse hindlimb-ischemia
model. Mice that were injected with EPCs showed increased
restoration of blood flow compared with untreated controls or
mice treated with mature endothelial cells (61). A translation
toward a clinically viable therapy was devised shortly there-
after, by using local infusion of autologous BM-derived cells
in patients with coronary or peripheral arterial disease (9, 47,
114, 118). Further evidence for the importance of EPCs in
cardiovascular disease came from a number of studies inves-
tigating the number of EPCs in patients with arterial disease.
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FIG. 2. Putative origin of different EPC types observed in circulation and in culture. The exact sequence of differentiation
steps from the hemangioblast to the hematopoietic and endothelial lineages still remains a topic of intense investigation.
CACs and CFU-Hills are thought to arise from myeloid leukocytes, whereas ECFCs are true endothelial cells. Solid lines
indicate well-established routes of differentiation; dashed lines, current uncertainties. (To see this illustration in color the reader
is referred to the web version of this article at www .liebertonline.com/ars).

The amount of both circulating EPCs (cEPCs, defined as
CD34", KDR" cells) and EPCs arising in culture was found to
be reduced in patients with coronary artery disease, as was
the migratory capacity of the EPCs cultured from these pa-
tients (128). A study by Hill et al. (48) introduced a new culture
assay using peripheral blood mononuclear cells (PBMCs) that
involved a preplating step to remove circulating differenti-
ated endothelial cells, as endothelial shedding in cardiovas-
cular disease was considered a possible “contamination” in
EPC culture. The authors then counted the colonies, now
commonly called CFU-Hills, which arose in the second plat-
ing step. The number of colonies was found to be inversely
related to the Framingham cardiovascular risk score and ro-
bustly related to endothelial function, as measured with flow-
mediated brachial dilatation.

Evidence began to accumulate that a large heterogeneity
exists in cultured EPC phenotypes. In 2000, Lin et al. (71) had
shown that another, distinct phenotype of EPCs, which is
highly proliferative and closely resembles endothelium, arises
in long-term culture. This contrasted with the previously
studied spindle-shaped EPCs that formed after culturing
PBMCs for 7 days, including a washing step at day 4 to remove
nonadhering cells (128, 129). Hur et al. (55) closely character-
ized the two phenotypes that arise after short- and long-term
culture and coined the terms early- and late-outgrowth EPCs.
Later these cells were renamed circulating angiogenic cell

(CAC) and endothelial colony-forming cells (ECFCs), respec-
tively, although at present, no guidelines exist for a consistent
nomenclature of EPC subtypes. It was discovered that CACs
have little or no proliferative capacity (55, 146) and are unable
to form tubular networks on basement membrane matrix
(Matrigel) (85). Interestingly, they do colocalize to nodes in
vascular networks (55) formed by endothelial cell lines in vitro,
but do not fully integrate into the networks (110). CACs do
secrete large amounts of growth factors (55, 110) and likely
participate in extracellular matrix (ECM) remodeling (41),
thereby promoting angiogenesis in a paracrine fashion (110,
143). Furthermore, it was shown that CACs express myeloid
lineage markers, such as CD14 and CD45 (33, 122) and exhibit
phagocytic ability (96, 146). ECFCs, conversely, are charac-
terized by the absence of myeloid markers and appear more
closely to resemble endothelial cells. For instance, they form
tubular structures when plated on Matrigel and form cobble-
stone-shaped monolayers with smooth cytoplasm in culture
(55, 71, 142). Also, they have been shown to be highly ex-
pandable (38) and do not incur genomic aberrations during
expansion (97). The colony-forming assay introduced by Hill
et al. (48, 135) seemed to produce a third, mixed, EPC pheno-
type, as the colonies were shown to consist of both monocytes
and lymphocytes (93, 101, 124).

How the cultured phenotypes relate to cEPCs depends on
how the latter are defined. A common definition of cEPCs is
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TaBLE 2. EPC GLOSSARY

Name cEPC CAC CFU-Hill ECFC
Synonyms EPC, circulating EPC EPC, early outgrowth, EPC, CFU EPC, late-outgrowth
CPC, EPC, CE-EPCs, EPCs, ECs, BOECs,
CMMCs, ELC, PAC, OECs, EPDCs
APC, EAC
Definition By flow cytometry, Cells derived after plating Cells in colonies Cells derived from
usually as CD34" /KDR™" of PBMCs for 4-7 days generated from late-appearing colonies
or CD34" /KDR"/CD133" on fibronectin-coated wells, re-plated PBMCs  with a cobblestone
in EGM-2 medium. Bind in the Hill assay appearance
lectin and take up LDL
Origin Depends on exact marker Myeloid, closely related Mixture of T cells ~ Unclear, appears not

definition to monocytes

be derived from
hematopoietic line

and monocytes

APC, angiogenic progenitor cell; BOECs, blood-outgrowth endothelial cells; CAC, circulating angiogenic cell; CD34, cluster of
differentiation 34; CE-EPCs, culture-expanded EPCs; CFU-Hill, colony-forming unit, Hill-type; CMMCs: culture-modified monocytic cells;
CPC, circulating progenitor cell; EAC, early outgrowth angiogenic cell; ECs, endothelial cells; ELC, endothelial-like cell; EPC, endothelial
progenitor cell; EPDCs, endothelial progenitor—derived cells; KDR, kinase insert domain receptor (VEGFR2); OECs, outgrowth endothelial

cells; PACs, proangiogenic cells.

based on the coexpression of CD34 and KDR; this definition
includes mostly cells from the hematopoietic lineage (17, 69,
93, 120) that comprise a subset of the cells that will form CACs
in culture (103).

For clarity, we adopt the following nomenclature for the
various circulating and cultured progenitor cells (Table 2). We
refer to circulating EPCs, as detected by flow cytometry, as
cEPCs; monocytic early outgrowth cells are denoted as cir-
culating angiogenic cells (CACs); colonies obtained with the
Hill assay will be called CFU-Hills; and late-outgrowth en-
dothelial cells will be called endothelial colony-forming cells
(ECECs). The term EPCs will be used to describe relevant
progenitor cells in general.

Definition and characterization of progenitor cells is his-
torically based first and foremost on cell-surface antigens as-
sociated with either or both endothelial cells and progenitor
cells, which can be detected by using flow cytometry and
immunohistochemistry (120). The antigens selected to define
EPCs are selected on the basis of previously established as-
sociations with either stem cell characteristics, as, for instance,
CD34 (5) and CD133 (89), or endothelial cells, such as
KDR/VEGFR2, eNOS, or von Willebrand factor (vWF) (5).
Although this reasoning has proven very effective in ad-
vancing the field of regenerative medicine, characterization
by flow cytometry is not very specific, as much overlap occurs
in markers between cells in the hematopoietic line, especially
in early progenitor cells (39, 93). Furthermore, this approach is
prone to errors with regard to cultured cells, as markers may
be lost (89) or acquired (20, 94, 107, 120) during mononuclear
cell isolation and culture (33). The introduction of a classifi-
cation on the basis of functional capabilities that are relevant
for cell therapy, such as the secretion of growth factors (110),
the ability to proliferate (57, 142) or to form tubular structures
on Matrigel, has been a leap forward in creating a conceptual
framework to understand the roles of circulating and cultured
EPCs in the restoration of blood flow to ischemic tissues (141,
142).

Starting from a cell population that displays certain phe-
notypic or functional characteristics, transcriptional profiling

may be used rationally to identify unique markers or genes
associated with a particular cell-type function.

Transcriptional profiling provides a characterization
method that is relatively unbiased because it indiscriminately
includes the entire set of transcribed genes. In addition, the
existence of online repositories for gene-expression profiles
allows comparisons to be made between cell types of different
origins. To illustrate how gene-expression profiles may aid in
the classification of EPCs, we conducted an analysis of pub-
licly available transcriptomes from different cell types and
tissues of mesodermal origin (see Supplementary Data; Sup-
plementary Data are available online at www liebertonline
.com/ars). With this approach, at least one transcriptome
of CACs, ECFCs, and CFU-Hill each on the Affymetrix
HG-U133 Plus 2.0 array could be identified. In addition, we
included a further 45 transcriptomes from 30 studies, re-
presenting various cell types from hematopoietic and mesen-
chymal tissues. Results of the hierarchic clustering of all
transcriptomes show a clear distinction between hematopoi-
etic and other mesenchymal lineages (Fig. 3). The cord-blood-
derived ECFCs cluster with the endothelial cell lines included,
showing high similarity to human umbilical vein endothelial
cells (HUVECs) and human microvascular endothelial cells
(HMECs). Interestingly, the cord-blood-derived CACs cluster
with the hematopoietic cells and show greater similarity to
adult CD14™ monocytes than to CD34™ cells from cord blood.
The correlation between CACs and monocytes was not as high
as correlations between samples of similar origin, making the
exact position of CACs in this hierarchy less clear cut. The
CFU-Hills seem to cluster loosely with CD34" cells and were
previously found more closely to resemble T cells (26). Possibly
the ambiguous clustering reflects the fact that CFU-Hill colo-
nies consist of both myeloid and lymphoid cells (101).

These results demonstrate that it is possible to use tran-
scriptome analysis to distinguish between different cell types
and to place cell types of unclear or disputed origin in an
established biologic context. An important caveat when
comparing transcriptome data from different sources is that
culture conditions may influence gene expression, resulting
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FIG.3. Dendrogram generated by unsupervised hierarchic clustering of transcriptomes of various mesenchymal tissues.
The Y-axis represents similarity based on correlation (Pearson’s R). ASC, adipocyte stem cell; HM(V)EC, human microvas-
cular endothelial cell, HUSMC, human umbilical cord smooth muscle cell, HUVEC, human umbilical vein endothelial cell;
MSC, mesenchymal stromal cell. (To see this illustration in color the reader is referred to the web version of this article at

www.liebertonline.com/ars).

in altered gene-expression profiles. The transcriptome data
used in this study are derived from primary blood or tissue
samples, as well as cell lines cultured in different media. De-
spite the varying conditions, the clustering correctly identified
the interrelatedness of the included expression profiles. Fur-
thermore, it is underlined that CACs are myeloid cells,
showing similarity to CD14" monocytes, whereas ECFCs
show a high similarity to endothelial cells.

Similar results are described by Medina et al. (82), who di-
rectly compared the transcriptomes of CACs and ECFCs from
single donors with microvascular endothelial cells and CD14™
monocytes. Clustering analysis showed a pattern similar to
our analysis, with CACs more closely resembling monocytes
and ECFCs closely resembling microvascular endothelial cells.
Genes involved in hematopoietic development, such as
RUNX1, WAS, and LYN, and genes involved in the immune
response, including TLRs, CD14, and HLAs, were significantly
more highly expressed in CACs. In contrast, genes involved in
angiogenesis, such as Tie2, eNOS and Ephrins were highly
expressed in ECFCs. In addition to transcriptional profiling,
Medina et al. also compared the proteomes of the different cell
types and were able to identify several unique proteins in
CACs and ECFCs. The authors have yet to characterize the
spots with mass spectrometry to identify these potential
marker proteins for the different progenitor cells.

The described microarray data should be interpreted in
conjunction with those from other recent studies. Piaggio et al.
(91) and Otten et al. (87) investigated progenitor cells in pa-
tients diagnosed with chronic myeloid leukemia (CML).
This type of leukemia is characterized by a supernumerary
chromosome arising from translocation of the BRC and ABL
genes on chromosome 9 and 22, respectively. The aberrant
chromosome, called the Philadelphia chromosome, can be
detected with fluorescent in situ hybridization (FISH) kar-
yotyping or PCR. Piaggio et al. (91) showed that a significant

portion of CACs, but none of the ECFCs, of patients with CML
showed the translocation. As CML tumor cells arise from an
early progenitor in the myeloid lineage, this study confirms that
CACs are myeloid/monocytic cells and that ECFCs do not arise
from CACs directly, but from a distinct endothelial lineage.

An explanation for the fact that CACs show a large number
of endothelial surface markers is provided by Prokopi et al.
(94). The authors used proteomics to identify a large number of
surface markers on CACs and compared these with genes ex-
pressed in these cells. It was shown that many of the endothelial
surface markers are not expressed but are acquired from platelet
microparticles during isolation and culture. These findings in-
dicate that the different EPC phenotypes that arise in culture not
only are functionally different, but also have differing expression
profiles and arise from distinct lineages, which was confirmed
by the comparison of transcriptome profiles.

Changes in Gene Expression during EPC Culture

Ex vivo culture and expansion of progenitor cells is one of
the most important strategies to overcome a low number of
EPCs and to develop future regenerative therapies. Moreover,
an interim culturing step provides a window for interventions,
as culture conditions can be designed to overcome functional
deficits that progenitor cells from patients may have. Tran-
scriptomics provides a method of systematically comparing
changes that cells undergo in culture, and of identifying genes
that may be important for optimizing cell therapy.

The majority of preclinical studies investigating therapeutic
applications of progenitor cells have hitherto been conducted
with CACs (61, 122), perhaps because, in contrast to ECFCs,
CAG:s are relatively easily and reproducibly isolated. It is in-
teresting to note that although many studies have shown that
CAC s are able to restore perfusion in vivo (16, 18, 122, 143),
CD14" monocytes, from which CACs predominantly arise
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(33, 65), do not show this effect (14, 122). This suggests that an
active subset of CD14" monocytes (27) is selectively enriched
during attachment in CAC culture (102, 122), or that differ-
entiation activates proangiogenic mechanisms in CACs. Only
a handful of studies have investigated transcriptional changes
that occur during selection and differentiation from PBMCs or
CD14"* monocytes to CACs. Dernbach et al. (25) were the first
to describe differences in the transcriptome between CACs,
monocytes, and differentiated endothelial cells (HUVECs and
HMECs). The authors show that a number of antioxidant
genes are selectively upregulated in CACs, in particular,
manganese superoxide dismutase (MnSOD), glutathione per-
oxidase (GPX), and catalase (Cat). These genes confer a high
resistance to hydrogen peroxide-induced oxidative stress, as
was demonstrated by a fluorescent oxidation-sensitive dye. It
was demonstrated that CACs are less likely than endothelial
cells or monocytes to go into apoptosis in the presence of
high concentrations of reactive oxygen species (ROS) or dur-
ing serum starvation, a condition associated with increased
oxidative stress.

Finally, it was shown that the antioxidant capacity of CACs
is dependent on MnSOD, GPX, and Cat by using knockdown
or specific inhibitors against these antioxidant enzymes. To
reach intracellular ROS levels similar to those in HUVECs,
inhibition of all three proteins was necessary, showing the
redundancy of the antioxidant system in CACs. Interestingly,
the authors also showed that CAC migration is inhibited by
elevated levels of ROS, and that migration is further reduced
by inhibition of antioxidant genes. A study by Urbich et al.
(123) also compared expression profiles of CD14" monocytes,
CACs, and HUVECs. The authors identify a number of genes
that are upregulated in CACs, when compared with HUVECs
and monocytes, most notably, a cluster of proteases including
cathepsins H, L, and O. The involvement of cathepsin L in
ECM remodeling was subsequently demonstrated, as was the
requirement of cathepsin L for improvement of neovascular-
ization in a hindlimb-ischemia model after CAC infusion. In a
second article, the same group described that a large number
of growth factors and chemokines, such as VEGF-A, inter-
leukin (IL)1, IL-2, IL-8, and fibroblast growth factor (FGF)-A,
are highly expressed in both monocytes and CACs when
compared with endothelial cells (121). During the transition
from monocytes to CACs, a second cluster of growth factors
was increasingly expressed, including VEGEF-B, platelet-
derived growth factor (PDGF) A, stromal cell-derived factor
(SDF)-10, insulin-like growth factor (IGF)-1, and hepatocyte
growth factor (HGF). These growth factors were shown to
increase greatly the migratory capacity of HUVECs, sug-
gesting that CACs exert paracrine effects on endothelium.

Collectively, these studies effectively used gene-expression
profiling as a screening method to identify important target
genes or gene clusters for the function of CACs. Other authors
attempted to provide a more-comprehensive overview of
transcriptional changes during selection and differentiation.
Igreja et al. (56) examined the expression profiles of adherent
human cord-blood—derived CD 133", KDR " or CD34 ", KDR™"
cells at day 0 and day 13 of plating the cells in culture. The
authors then identified highly expressed genes and divided
them into three categories: genes present at day 0 and absent
at day 13, genes present at day 13 and absent at day 0, and
genes showing a high expression level at both time points.
Gene ontologic analysis subsequently showed enrichment in
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membrane proteins, G protein—coupled receptors, nuclear
proteins, and genes involved in cholesterol biosynthesis at
day 13. Several well-known markers for primitive endothelial
progenitors were found to be highly expressed. KDR, angio-
poietin 1, hypoxia-inducible factor (HIF)-1o, heme oxygenase
(HO-1), HOXA5, and Delta-like ligand 4 (DII4) were found to
be highly expressed throughout differentiation; expression of
TEK could be detected only on day 0, whereas Flt1 could be
detected only on day 13. Furthermore, the expression of two
genes associated with homing of progenitor cells, SDF1o and
the IGF2 receptor, was increased on day 13, although CXCR4
expression decreased during differentiation. The authors also
noted that cell-adhesion molecules, such as L-selectin, in-
tegrins oy, us, oy, and 3, are highly expressed throughout the
differentiation process. The authors further report the emer-
gence of endothelial colonies at certain points in the study, but
it is unclear how this affects the results of the gene-expression
analysis.

The study by Medina et al. (82), mentioned earlier in this
article, includes samples of both monocytes and CACs. As it
was the primary aim of the authors to demonstrate the dif-
ference between ECFCs and CACs, however, differences in
transcription between CD14™ monocytes and CACs were not
investigated in detail. Furthermore, only a single tran-
scriptome of CD14" cells is included, which does not allow
the identification of significantly upregulated genes. To
present a more reliable overview of changes in gene expres-
sion that CACs undergo in culture, we included two unpub-
lished microarray expression profiles from our laboratory,
obtained with pooled mRNA samples from PBMCs and
CACs of 10 healthy human volunteers. Gene-expression
profiles of monocytes/PBMCs and CACs were compared by
using the rank-product method (12). This nonparametric
method ranks genes according to the difference in expression
(fold change) between experimental conditions and subse-
quently identifies genes that are consistently up- or down-
regulated (12). The advantage of this method is that it makes
minimal assumptions about the distribution of the data and is
therefore very robust, especially in the analysis of small da-
tasets. In addition, it allows identification of differentially
expressed genes in a meta-analysis across multiple small data-
sets (50). In total, 312 genes were found to be differentially
expressed in CACs (Supplementary Data). Functional classifi-
cation by using DAVID (24) revealed activation of distinct
functional gene clusters after selection and differentiation
(Table 3). The most striking upregulation was observed in
genes regulating the uptake and metabolism of lipids. Apo-
lipoproteins and scavenger receptors were found to be highly
expressed in CACs but not in monocytes. The exact signifi-
cance of this finding is unclear, although it is not quite un-
expected, given that one of the characteristic features to define
CACs is the uptake of acetylated low-density lipoprotein
(LDL) as well as the well-known association of genes involved
in cholesterol metabolism with progenitor cells (88). In ac-
cordance with the findings of the previously mentioned
studies (121, 123) a number of ECM remodeling proteases
from the cathepsin and matrix metalloproteinase families
were also more highly expressed, as were SDF1x, VEGF-B,
and a number of antioxidant enzymes, especially genes in-
volved in intracellular thiol redox control. These studies show
that CACs consistently upregulate a series of genes when
placed in culture. Many of the upregulated genes have been
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TaABLE 3. GENES UPREGULATED IN CAC ComMPARED WITH MNCs/MONOCYTES

Gene function

Selection of upregulated genes in CAC

Lipid Metabolism

ABCA1, ACAT2, AKR1B1, ALDH1A1, ALDH4A1, ALDH7A1, APOCI,

APOC2, APOE, DHRSY, FABP3, FABP4, FABP5, FABP5L1, GLA, LIPA, LPL,
MGLL, MSR1, NR1H3, OLR1, PLTP, PPAP2B, PPARG3, PTGR1, SCD

ECM remodeling/ homing

Oxidative stress
Chemotaxis

CTSB, CTSD, CTSK, CTSL1, LGMN, MMP12, MMP7, MMP9, TIMP2, LAMB?2,
LAMCI, ITGB5

NQO-1, ATOX1, GCLC, GPX3, MT1G, MT2A, PRDX1, TXN,TXNRD1

CXCL16, CXCL12 (SDF1wx), CCL8 (MCP-2), VEGFB, TNFRSF12A, IGF1

shown to be important for the function of CACs, especially
genes involved in homing and ECM remodeling (7, 19, 41, 46,
53, 90, 123, 131, 145). These changes in gene expression may
explain the functional differences between CD14" monocytes
and CACs. At this point, however, it is unclear whether these
changes occur because of a differentiation mechanism or the
selection of an active subset of monocytes in culture. Very
little is known about the differentiation of ECFCs in culture, as
the circulating progenitor cell from which ECFC colonies
develop has not yet been identified. Current evidence indi-
cates that ECFCs arise from a very small fraction of CD347,
KDR*, CD1337, CD45 cells (17, 120). The estimated preva-
lence of ECFCs is less than one per 1 million nucleated cells
(57, 97), however, which poses difficulties for the character-
ization of ECFCs. A recent study has attempted to use gene-
expression profiling to identify genes that are important for the
outgrowth of ECFCs (144). The authors compared different
culturing media, with the intention of identifying an animal-
serum—free equivalent to the conventional medium, with fetal
calf serum. No outgrowths occurred in serum-free media,
however, and replated ECFCs showed greatly reduced pro-
liferation. Gene-expression analysis showed significant upre-
gulation in genes related to lipid biosynthesis, stress response,
and apoptosis, and a marked downregulation in genes asso-
ciated with proliferation. The authors concluded that lipid
supplementation may enhance ECFC outgrowth in serum-free
media. This study illustrates how transcriptome analysis can
be used to find leads for improving culturing methods in the
development of a consistent cell therapy.

EPCs in Health and Disease

Next to providing insight into EPC identity and differenti-
ation, transcriptome analysis provides a powerful tool to elu-
cidate molecular changes in EPCs of patients with (risk factors
for) cardiovascular disease. Several studies have shown that
numbers of cEPCs (128), cultured CACs (128), and CFU-Hills
(48) are reduced in patients with arterial disease or risk factors
for cardiovascular disease, such as metabolic syndrome (138),
chronic kidney disease (60, 137), and diabetes (119). Further-
more, it has been shown that BM from patients with ischemic
cardiomyopathy (45) has an impaired regenerative potential
when compared with BM from healthy donors. A role for
disease-related oxidative stress in modulating EPC number
and function has previously been implied, although the mo-
lecular effects of disease on EPC gene expression remain un-
clear. Sorrentino et al. (111) show increased levels of
superoxide in EPC of type 2 diabetes mellitus (DM) patients,
and concomitantly reduced availability of nitric oxide (NO) in

EPCs. The EPCs from patients show a dramatically reduced re-
endothelialization capacity in a carotid-injury model.

Patients with severe arterial disease are the primary target
population for regenerative cell therapy, which currently most
often involves autologous BM-derived cell administration (8,
29, 81, 112). However, because of the impaired regenerative
potential of EPCs in these patients, therapeutic effectiveness of
such cell therapy is likely to be suboptimal. Importantly, pre-
vious studies have demonstrated that EPC dysfunction is at
least in part reversible. A number of compounds have been
shown to improve the EPC functional capacity or to promote
their mobilization, such as antioxidants (52), statins (138),
erythropoietin (EPO) (44, 136), and PPAR-y agonists (111, 134).
The mechanisms by which these compounds act on EPCs are
incompletely understood, as some act through pleiotropic ef-
fects rather than the intended targets for which the drugs have
been designed. Transcriptional profiling could elucidate effects
of the previously mentioned compounds on the entire EPC
transcriptome. Moreover, transcriptome analysis could identify
EPC gene clusters with differential expression between patients
and healthy controls and facilitate the selection of novel, more-
specific therapeutic targets.

The vast majority of studies on EPC transcriptomes in
healthy and diseased conditions are conducted in CACs.
Fiorito et al. (34) used microarrays to study the effects of tumor
necrosis factor (TNF)-o and antioxidants vitamin C and E on
CAC gene expression. The authors identified a small set of
genes modulated by TNF-u or the antioxidants, although they
stated that the biologic significance of these genes in the
growth, survival, differentiation, and function of EPCs should
be determined by further investigation.

Furthermore, two studies investigated the gene-expression
profiles of CACs in type 1 DM patients compared with heal-
thy controls (74, 126). Within the modulated gene set, both
studies reported increased expression of antioxidant genes
in diabetic versus healthy CACs, presumably as a result of
diabetes-induced increase in oxidative stress levels. Interest-
ingly, the latter study further demonstrated that folic acid
supplementation altered gene-expression profiles of CACs in
patients to resemble those of healthy subjects. The effects of
EPO on monocyte and CAC gene-expression profiles from
patients with combined renal and heart failure are currently
being evaluated in the EPOCARES clinical trial (125).

To our knowledge, Tan et al. (117) are the first to compare
ECFCs from patients with proliferative diabetic retinopathy
(PDR) and healthy controls at the transcriptome level. The
authors found a number of genes to be upregulated in ECFCs
of PDR patients, including two known angiogenesis inhibi-
tors, thrombospondin-1 and tissue inhibitor of matrix me-
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talloproteinases-3 (TIMP-3), possibly explaining (part of ) the
vascular complications in diabetes patients.

Transcriptome analysis of BM samples obtained from
patients receiving autologous cell therapy may provide in-
formation to predict the response to therapy. Comparing
responders and non-responders to autologous EPC therapy
could identify signature genes that correlate with functional
improvement, while also providing insight into molecular
mechanisms of EPC-mediated neovascularization. In an
analogous example, Schirmer et al. (106) compared tran-
scriptomes of circulating naive (monocytes, T-cells, CD34™
cells) and stimulated (LPS-stimulated monocytes and plastic-
adherent monocytes/macrophages) cells of arteriogenic re-
sponders and non-responders in a patient population with
coronary artery disease. Overall, the authors found that in
nonresponders, arteriogenesis is inhibited rather than that it
is enhanced in responders, as they had hypothesized. Most
pronounced differences were found in the stimulated cells,
with monocytes from nonresponders expressing more
interferon beta after stimulation with LPS. Subsequent ex-
periments showed that interferon beta inhibited the arterio-
genic response in a murine hindlimb-ischemia model (106).
Taken together, these studies illustrate that transcriptome
profiling can help to unveil key mechanisms that are mod-
ulated by disease in EPCs. Knowledge thus obtained may
contribute to ameliorating EPC dysfunction and optimizing
EPC therapy.

Conclusion and Perspectives

At present, transcriptome profiling is a widely used tool for
the analysis of gene-expression differences between differ-
ent cells, treatments, or populations. In this review, we sum-
marized EPC transcriptome analyses to serve as a base for
understanding the identity, differentiation, and pathophysi-
ology of different EPC types currently described in the liter-
ature. Our meta-analysis of transcriptome studies of cells
from the hematopoietic and endothelial lineages demon-
strates that transcriptomes can be used for classification and
characterization of a particular cell in an unbiased manner.
This approach is therefore a powerful addition to character-
ization based on cell-surface markers only. Once a cell has
been characterized, signature genes can be identified from
comparative analysis, allowing subsequent easy and high-
throughput analyses (77). The currently available tran-
scriptome datasets are few in number, making meta-analyses
underpowered, and are hampered by the fact that they are
performed by different groups, by using cells from different
donors analyzed on different platforms. A direct comparison
of transcriptomes from different EPC types to related circu-
lating cells would be a more-promising approach to enable
the identification of cell-specific properties and marker genes,
yielding valuable information about EPC biology.

The acquired information may prove to be crucial for future
therapeutic use of EPCs. Insight into the ontogeny will provide
tools for the optimization of cell selection, culturing, and
treatment for therapeutic use. Based on the identification of
therapeutically relevant EPC types, endogenous cells may be
selectively isolated or targeted. For example, the low efficiency
and relatively long expansion period to obtain ECFCs may be
improved by selective isolation based on specific cell-surface
markers identified in gene-expression profiling studies (64).
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Although gene-expression profiles provide insight into the
(patho)physiological condition of a cell or tissue at a given
moment, many biologic effects do not take place at the tran-
scriptional level. For example, protein abundance does not
necessarily correlate with mRNA levels. The secretion of
growth factors and other substances is regulated mainly at the
protein level, depending on intracellular trafficking and
phosphorylation (22, 28). Currently, analyses of biological
processes by using proteomics and metabolomics approaches
are becoming increasingly widespread (10, 80, 113), and an-
alyses of gene-expression regulation by microRNAs increas-
ingly enter the public domain (84, 147). Fleissner et al. (34)
recently used an array-based approach to identify micro-
RNAs expressed in CACs and were able to illustrate the
role of miR-21 in asymmetric dimethyl arginine (ADMA)-
mediated CAC dysfunction. It was shown that miR-21
downregulates the expression of MnSOD, and that levels of
miR-21 negatively correlate with migratory capacity in CACs
isolated from patients with CAD (34).

Medina et al. (82) included a proteomic approach in their
ECFC versus CAC comparison, and the proteomics analysis
by Prokopi et al. (94) revealed a previously unknown mech-
anism for the acquisition of endothelial antigens by CACs. An
article by the Mayr group (95) describes the identification of
secreted thymidine phosphorylase as an important paracrine
factor in the stimulation of angiogenesis by CACs. These
studies illustrate the power of proteomics as an additional tool
for cell characterization, and hint about integrating analyses
of secreted products by proteomic and metabolomic ap-
proaches, based on the transcriptome analyses discussed in
this review.

Altogether, current and future efforts toward the compre-
hensive profiling of EPC mRNA, protein, and metabolites will
provide detailed insight into the biology, function, and po-
tential therapeutic applications of EPCs.
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Abbreviations Used

ADMA = asymmetric dimethylarginine
BM =bone marrow
CAC = circulating angiogenic cell
Cat = catalase
CD = cluster of differentiation
cEPC = circulating endothelial progenitor cell
CFU = colony-forming unit
CML = chronic myeloid leukemia
CXCR4 = CXC chemokine receptor 4
DIl4 = delta-like ligand 4
DM = diabetes mellitus
ECFE = endothelial colony-forming cell
ECM = extracellular matrix
eNOS = endothelial nitric oxide synthase
EPC = endothelial progenitor cell
EPO = erythropoietin
GPX = glutathione peroxidase
HGF = hepatocyte growth factor
HIF =hypoxia-inducible factor
HLA =human leukocyte antigen (major
histocompatibility complex)
HMEC = human microvascular endothelial cell
HOX =homeobox
HUVEC =human umbilical vein endothelial cell
IGF =insulin-like growth factor
IL = interleukin
KDR = kinase insert domain receptor
LDL =low-density lipoprotein
LPS =lipopolysaccharide
LYN v-yes-1 =Yamaguchi sarcoma viral-related
oncogene homologue
MMP = matrix metalloproteinase
MnSOD = manganese superoxide dismutase
NO =nitric oxide
PBMC = peripheral blood mononuclear cell
PCR =polymerase chain reaction
PDGEF = platelet-derived growth factor
PDR = proliferative diabetic retinopathy
ROS = reactive oxygen species
RUNX1 =runt-related transcription factor 1
SDF = stromal cell-derived factor
TIMP-3 = tissue inhibitor of matrix
metalloproteinases-3
TLR = Toll-like receptor
TNF = tumor necrosis factor
VEGF = vascular endothelium growth factor
VEGEFR = vascular endothelium growth factor
receptor
vWEF = von Willebrand factor
WAS = Wiskott-Aldrich syndrome
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