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A Reality-Check for Putative Stem Cells
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Abstract: The concept of using stem cells for cardiovascular repair holds great potential, but uncertainties in
preclinical experiments must be addressed before their therapeutic application. Contemporary proteomic
techniques can help to characterize cell preparations more thoroughly and identify some of the potential causes
that may lead to a high failure rate in clinical trials. The first part of this review discusses the broader application
of proteomics to stem cell research by providing an overview of the main proteomic technologies and how they
might help the translation of stem cell therapy. The second part focuses on the controversy about endothelial
progenitor cells (EPCs) and raises cautionary flags for marker assignment and assessment of cell purity. A
proteomics-led approach in early outgrowth EPCs has already raised the awareness that markers used to define
their endothelial potential may arise from an uptake of platelet proteins. A platelet microparticle–related transfer
of endothelial characteristics to mononuclear cells can result in a misinterpretation of the assay. The necessity to
perform counterstaining for platelet markers in this setting is not fully appreciated. Similarly, the presence of
platelets and platelet microparticles is not taken into consideration when functional improvements are directly
attributed to EPCs, whereas saline solutions or plain medium serve as controls. Thus, proteomics shed new light
on the caveats of a common stem cell assay in cardiovascular research, which might explain some of the
inconsistencies in the field. (Circ Res. 2011;108:499-511.)
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D

riven by the promise of regenerating cardiac muscle and
inducing cardiac repair, stem cells have drawn tremendous interest in recent years. Bone marrow mononuclear cells
are the most widely studied cell type to date. Although
injection of bone marrow mononuclear cells into coronary
arteries appears to be safe and may have some moderate
benefits particularly in patients with adverse cardiac remodeling, their ability to create or salvage heart muscle was less

than expected, and the mixed results reported in clinical trials
have not matched initial hopes (as reviewed elsewhere1). The
therapeutic potential of other readily available and ethically
acceptable stem cell sources, including the more recently
described resident cardiac progenitors,2,3 remains to be tested
in clinical trials. Despite substantial advances in stem cell
research, it is still unclear whether stem cells contribute to
regeneration directly or by indirect effects, and there is a

Original received September 7, 2010; revision received November 14, 2010; accepted November 30, 2010. In October 2010, the average time from
submission to first decision for all original research papers submitted to Circulation Research was 13.9 days.
From the King’s British Heart Foundation Centre, King’s College London, United Kingdom.
Correspondence to Dr Manuel Mayr, King’s BHF Centre, King’s College London, 125 Coldharbour Lane, London SE5 9NU, United Kingdom. E-mail
manuel.mayr@kcl.ac.uk
© 2011 American Heart Association, Inc.
Circulation Research is available at http://circres.ahajournals.org

DOI: 10.1161/CIRCRESAHA.110.226902

Downloaded from circres.ahajournals.org499
at King's College London on March 2, 2011

500

Circulation Research

February 18, 2011

Non-standard Abbreviations and Acronyms
2-DE
CFU
DIGE
EPC
ESC
iTRAQ
LC-MS/MS
MP
PMP
SILAC
SMC
SPC
VEGF

2-dimensional electrophoresis
endothelial colony-forming unit
difference in-gel electrophoresis
endothelial progenitor cell
embryonic stem cell
isobaric tagging for relative and absolute quantification
liquid chromatography–tandem mass spectrometry
microparticle
platelet microparticle
stable isotope labeling of amino acids in culture
smooth muscle cell
smooth muscle progenitor cell
vascular endothelial growth factor

serious concern that laboratory research is pushed prematurely into clinical practice.4 The inconsistent results in
clinical trials using unpurified bone marrow mononuclear
cells have led to the notion that the assessment of cell number
and viability may not entirely reflect the functional capacity
of cells in vivo.5,6 Additional characterization appears to be
mandatory before embarking on clinical cell therapy trials,
and a proteomics-led approach can help to provide new
insights but requires an understanding of the technologies
involved to ensure their successful application to stem cells.

Proteomics: General Considerations
In the last decade of the 20th century, genomics and the
functional genomic sciences revolutionized medical research.
The key discovery was that the genetic specification of a
human being, once assumed to be of almost limitless complexity, consisted of just 20 000 protein-coding genes, surprisingly similar to much simpler organisms such as Caenorhabditis elegans.7 Therefore, it is not the number of genes
but the processing of the gene products that accounts for the
biological complexity. Despite the sequencing of the genome,
there remain many unknowns at the protein level. For 35% of
the protein encoding genes in the human genome, there is
currently no evidence for the existence of these proteins at the
protein level. Also, there are ⬇75 000 annotated posttranslational modifications, yet only half of them have been experimentally obtained. This shift in perspective led to the
advance of “proteomic” sciences, and they are now beginning
to influence cardiovascular research.8,9 With conventional
molecular biological approaches, studies on proteins are only
conducted on a limited number of proteins. Proteomics
aspires to define the totality of protein concentrations. Currently, it is impossible to resolve the entire complexity of the
mammalian proteome. Proteomic technologies have advanced rapidly over recent years10 and enable us to monitor at
least a proportion of the thousands of proteins in mammalian
cells.11 For low-abundance proteins, such as plasma membrane proteins, transcription factors, etc, an enrichment step is
essential. In this respect, whole-genome arrays constitute a
more mature technological platform. Transcript levels, how-

ever, are merely an indication of the protein amount. Although protein and mRNA expression is fairly well correlated, there is no correlation between protein and mRNA
half-life. Therefore, the transcriptome is not linearly proportional to the proteome and quantifying mRNA levels cannot
suffice.12 Another important consideration is that current
research relies heavily on the use of antibodies. Antibodybased techniques only probe for known proteins with the
potential caveats of nonspecific binding, epitope masking,
and cross-reactivity with proteins from different species. In
contrast, mass spectrometry is considered the gold standard
for protein identification. It does not rely on a priori assumptions but provides an unbiased overview of protein expression. A mass spectrometry analysis, however, requires sufficient material and as yet cannot be applied to the single-cell
level.13 Neither does mass spectrometry reveal the spatial
localization of the identified proteins unless different subproteomes are compared14 –16 or laser microdissection is used for
protein collection.17

What Techniques for What Output?
In proteomics, the main existing methods are either gel-based
(two-dimensional electrophoresis [2-DE], gel–liquid chromatography–tandem mass spectrometry [LC-MS/MS]) or gelfree (shotgun proteomics) (Figure 1). In gel-based proteomics, proteins are first separated by 2-DE or by SDS-PAGE
before tryptic digestion and mass spectrometry. In shotgun
proteomics, the protein mixture is directly digested with
trypsin. Relative quantitation is either performed at the
protein (2-DE) or at the peptide level (gel–LC-MS/MS and
shotgun proteomics). 2-DE visualizes proteins as discrete gel
spots, and spots with differential expression are subject to
mass spectrometry analysis for protein identification. For
many years, 2-DE has been the workhorse of proteomics.18
By now, it is gradually being superseded by mass spectrometry– based quantitation techniques, yet it can still deliver
important insights and is more readily implemented in most
laboratories. In gel–LC-MS/MS, gel bands covering the
entire lane are excised and analyzed by mass spectrometry.
Without an isotope label, this approach does not allow
multiplexing and requires more mass spectrometry time, but
the gel–LC-MS/MS approach provides an in-depth characterization of the sample and an estimate of protein abundance
when combined with label-free quantitation in simple mixtures. The most popular methods for isotopic labeling in
shotgun proteomics are isobaric tagging for relative and
absolute quantification (iTRAQ) and stable isotope labeling
of amino acids in culture (SILAC).19 Labeling with iTRAQ is
performed at the peptide level. In contrast, SILAC labeling is
performed at the protein level. It involves supplementing the
culture medium with either the light or the heavy isoform of
a particular amino acid. Samples are combined immediately
after harvesting thereby minimizing experimental variation.
Every method has its advantages and drawbacks. The right
choice depends on the complexity of the sample and on the
type of proteins to be analyzed.

Sensitivity
2-DE is biased to more abundant, soluble proteins. Very
large, very small, and hydrophobic proteins are difficult to
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Figure 1. Overview of proteomic methods. The main proteomic methods are gel-based (2-DE, gel–LC-MS/MS) or gel-free (shotgun
proteomics). In gel-based proteomics, proteins are first separated by 2-DE or by SDS-PAGE before enzymatic digestion (usually with
trypsin) and mass spectrometry analysis. In shotgun proteomics, the protein mixture is directly digested without gel separation. Relative
quantitation is either performed at the protein (2-DE) or at the peptide level (gel–LC-MS/MS and shotgun proteomics). At the center of
any proteomic approach is the mass spectrometer. The current gold standard for mass spectrometry is nanoflow LC-MS/MS
(nLC-MS/MS).

resolve. Therefore certain proteins, including membrane proteins, cytokines, transcription factors etc are underrepresented
on 2-DE gels. Shotgun proteomics provides a more comprehensive proteome coverage than 2-DE gel-based approaches
but shows its strength at the required sensitivity only in
simplified cell extracts. In tissues and whole-cell lysates,
shotgun proteomics is confronted with limitations on the
dynamic range of detection. Because the peptides are
selected for fragmentation based on their ion intensities,
the more abundant peptides are more likely to be detected.
If the proteome is not subfractionated, the complexity of
the resulting peptide mixture can overwhelm the analytic
capabilities of the mass spectrometer and interfere with
quantitation. Previous quantitative comparisons applying
shotgun proteomics to cardiac tissue had to exclude
fractions containing myofilament proteins20 to alleviate the
severe dynamic range limitations stemming from the
highly abundant contractile components.

Quantitation
The most quantitative 2-DE technique is difference in-gel
electrophoresis (DIGE). DIGE involves fluorescent labeling
of protein mixtures and reliably quantifies differences as low
as 10% in protein expression. Importantly, there is no real
limit in the number of replicates that can be compared.

Alternative multiplex quantitative mass spectrometry-based
approaches enable the simultaneous analysis of up to 8
samples (iTRAQ) or introduce isotope labels by metabolic
labeling (SILAC). Although a single peptide can unambiguously identify a protein, multiple peptides of the same protein
are required for quantitation. Thus, not all of the identified
proteins are reliably quantified in a shotgun experiment.
SILAC is considered the best technique to determine relative
differences in peptide abundance, but a minimum of 5
population doublings is needed to achieve complete labeling,
which limits its use for primary cells; also, metabolic labeling
strategies in animals are expensive. iTRAQ can be applied to
any specimen, but the labeling step occurs rather late in the
proteomics work-flow and may introduce additional experimental variation. In contrast, label-free quantitation is inexpensive and provides an estimate of protein expression based
on spectral counts or ion intensities of the identified peptides
(Figure 2). With increasing sample complexity, label-free
quantitation is subject to quantification errors because of ion
suppression (known as matrix suppression), which arises
when particular peptides preferentially ionize in a complex
mixture. Thus, quantitative changes may be misrepresented
as a result of matrix effects, causing either suppression
(underestimation) or enhancement (overestimation) of other
peptides.
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Figure 2. Label-free quantitation. A, By using the chromatographic time scale, size,
and intensity of the eluting
peptides, commercial software
creates a multivariate data
space, which consolidates
large datasets of complex LCMS/MS runs in a single view of
differential expression. Blue
bars represent individual peptide frames with different
shades of color highlighting
different levels of significance.
B, Volcano plot shows the distribution of peptides according
to levels of significance. C,
The sensitivity of shotgun proteomics. A comparison of the
proteomic data on conditioned
medium from human aortic
SMCs with measurements
from a 27-plex cytokine assay
revealed that except for VEGF,
all cytokines present in the
ng/mL range were identified
with a protein probability of
⬎95%.

Posttranslational Modifications and
Protein Degradation
The gel-based separation depicts posttranslational modifications and protein degradation as a shift in isoelectric point
(2-DE) or molecular weight (2-DE and SDS-PAGE). Shotgun
proteomics does not provide a map of intact proteins. The
available material is usually insufficient to obtain spectra of
all modified peptides of a particular protein by mass spectrometry and information on posttranslational modifications
can be lost.10 This problem has been partially overcome by
new enrichment methodologies, ie, for phosphopeptides, and
technical advancements in mass spectrometry. An alternative
peptide dissociation method, electron transfer dissociation,
induces a softer peptide fragmentation process and preserves
posttranslational modifications21 that are labile in the customary fragmentation process (collision-induced dissociation). A
major concern for the comparison of diseased tissues is

protein degradation by enzymes other than trypsin, which will
interfere with a quantitation based on tryptic peptides in
shotgun proteomics. Hence, there can be a trade-off between
sensitivity and quantitative accuracy.

Applications of Proteomics to Stem
Cell Research
As described below, one can envision several possibilities
how the advent of novel proteomics technology may help the
translation of stem cell therapy.22

Assessment of Cell Homology
Proteomics can be used to compare cell similarity/diversity
leading to the recognition of whether the protein content of
stem cell– derived cells recapitulates the protein profiles of
their mature counterparts. It is this concern with the whole
proteome that distinguishes a proteomics approach from
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traditional phenotyping using a selected panel of marker
proteins. For example, comparative analysis of early outgrowth endothelial progenitor cell (EPCs), late outgrowth
EPCs, monocytes and human umbilical vein endothelial cells
by 2-DE, revealed that early EPCs are hematopoietic cells
with a protein profile similar to monocytes, whereas the
molecular fingerprint of late outgrowth EPCs corresponds to
an endothelial phenotype.23,24 Similarly, a 2-DE comparison
showed that after platelet-derived growth factor-BB stimulation, the resident Sca-1 stem cell population from the vasculature shared the proteomic characteristics of a mature aortic
smooth muscle cell (SMC) phenotype.25 In contrast, the
proteome of smooth muscle-like cells derived from Sca-1⫹
progenitors of embryonic stem cells (ESCs) was clearly
distinct from aortic SMCs, though the cells expressed a
similar panel of smooth muscle markers.26 Generally, there is
a need for new markers that are not only able to assess the
stage of the stem cell differentiation process, but to distinguish between mature and stem cell– derived cells. Finally, a
DIGE comparison of endothelial colony-forming units
(CFUs) and early-outgrowth EPCs identified thymidine phosphorylase to be among the main proangiogenic factors.27
Thymidine phosphorylase is an intracellular enzyme and
highly expressed in certain tumor cells. The proposed mechanism of action is not clear, but it has been suggested that the
protective effect of thymidine phosphorylase is mediated by
the product of its catalytic reaction (2-deoxy-D-ribosephosphate). This is in agreement with previous observations
that supplementation of this metabolite or thymidine phosphorylase-expressing tumor cells induce endothelial
chemotaxis.28,29

Identification of Cell Surface Proteins
Many of the accepted markers for the identification and
differentiation of stem cells are transcription factors and
intracellular proteins. Surface markers are a prerequisite for
selecting undifferentiated and differentiated stem cells. By
identifying candidate proteins that allow purification of specific cell lineages from live heterogeneous populations of
differentiated cells, proteomics would address a clinically
relevant need for the translation of stem cells to therapies.
Alas, the physiochemical characteristics of membrane proteins render analysis by proteomics challenging and high
abundant intracellular proteins hamper the identification and
quantification of membrane proteins present in low copy
numbers. Additional enrichment steps, ie, by using biotin/
avidin labeling of surface proteins30 or exploiting the fact that
a majority of the cell surface proteins are glycosylated,31
reduce sample complexity and facilitate the identification of
membrane proteins by mass spectrometry. Previous proteomic analysis conducted on plasma membrane proteins of
mouse embryonic stem cells established a reference catalogue
of cell surface proteins expressed on undifferentiated mouse
ESCs32 and differentially expressed during early differentiation.33 In a recent study, van Hoof et al applied a quantitative
SILAC proteomics approach to compare the cell surface
proteins of human ESC-derived cardiomyocytes and identified elastin microfibril interfacer 2 as a marker to sort stem
cell– derived cardiomyocytes.34 Similarly, Gundry et al re-
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vealed new targets for the characterization of cell intermediates during skeletal myoblast differentiation into myotubes by
using a proteomic approach capturing N-linked glycoproteins.35 In another study by Dormeyer et al,36 the membrane
proteome of human ESCs was analyzed using only 500 000
cells. The method involved an optimized digestion protocol
that included a step of carbonate extraction and enzymatic
deglycosylation. Although this is not as specific as other
membrane purification procedures, 237 plasma membrane
proteins could be identified in the human ESC line HUES-7.
We have adopted an alternative method and obtained microparticles (MPs) from supernatants of EPC cultures.37 MPs
usually refer to intact vesicles formed from the plasma
membrane and can be repeatedly harvested from the same
cell culture. This is particularly advantageous for scarce cell
populations. MPs have heterogeneous density and size (0.1 to
1.0 m), are easily separated by differential centrifugation,
and originate from many cell types, including endothelial
cells, platelets, monocytes, and SMCs.38,39 The protein composition of MPs has limited complexity and is highly enriched in membrane proteins but can vary dependent on the
stimulus. Thus, the membrane protein content in MPs may
only be partially representative of the plasma membrane
protein profile.

Identification of Paracrine Factors
Free and protein-bound secreted factors are distributed
throughout the extracellular and intracellular environments.
Modulation of the homeostasis among growth factors, hormones, proteases and extracellular matrix molecules, cell-cell
interactions and intracellular compartments is critical in
directing the differentiation of stem cells and the formation of
tissue-like structures. Little is currently known about the
extracellular milieu produced by different stem cell populations. Proteomics is the method of choice for a large-scale
analysis of protein secretion.40 However, many cell types
require serum supplements for their survival. Protein concentrations in serum span 9 of magnitude in linear dynamic
range.41 Current proteomic technologies resolve 4 to 5 orders
of magnitude. Consequently, they array secreted factors at the
required sensitivity only in serum-free medium. Otherwise,
classic serum proteins mask the less abundant proteins. To
minimize cross-contamination with bovine proteins, the cells
have to be washed extensively with plain medium before the
secreted factors are sampled. Despite these efforts to ensure
that the collected conditioned medium contains no other
extraneous proteins, except for the secreted or shed proteins,
the cross-contamination with bovine proteins can vary depending on the cell type. Endothelial cells, for example, show
a substantial carryover of serum albumin. In a shotgun
proteomics analysis of the secretome from human umbilical
vein endothelial cells, 12% to 15% of all identified spectra
corresponded to albumin peptides.42 In contrast, SMCs tolerate serum starvation well and can be kept in serum-free
medium for longer. In this setting, a shotgun proteomics
strategy was able to mine deeper into the secretome and
detected all cytokines present at concentrations ⬎10 ng/mL
(of 27 tested in a multiplex assay). Only vascular endothelial
growth factor (VEGF) at 8 ng/mL was not identified (Figure
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2C). Similarly, a secretome analysis confirmed high levels of
matrix metalloproteinase 9, interleukin-8, and cathepsins in
endothelial CFUs,27,43 previously described as characteristics
of early EPCs.44 To increase the depth of proteomic profiling,
Bendall et al designed an approach to strategically identify
low-abundance stem cell regulatory proteins of the human
ESC secretome. By applying a MS-based proteomic method
called iterative exclusion, the group successfully identified
previously undetectable growth factors, present at concentrations ranging from 10⫺9 to 10⫺11 g/mL.11 Another variable is
the type of matrix the cells produce. In a recent study,45 we
compared the secretome of smooth muscle progenitors
(SPCs) with human aortic SMCs, revealing a substantial
overlap among the matrix proteins identified. SPCs, however,
selectively retained certain proteins from bovine serum,
including pigment epithelium-derived factor, a potent inhibitor of angiogenesis that binds to newly formed collagen and
counters the effects of VEGF.46 Pigment epithelium-derived
factor was identified as bovine protein by mass spectrometry
in the absence of corresponding mRNA expression in SPCs.
Consistent with this finding, SPCs showed reduced invasive
capacity and unlike EPCs, their conditioned medium had no
angiogenic activity.

Mechanisms of Stem Cell Differentiation
For stem cell– based therapies, it is essential that we gain
knowledge on the molecular mechanisms controlling differentiation toward the cardiovascular lineage. The processes of
stem cell renewal and differentiation are controlled by intrinsic factors regulated by extrinsic signals, whereby receptors
act as transducers of these signals. Proteomics can be used to
dissect the mechanisms regulating the proteome of stem cells
during self-renewal and commitment to the cardiovascular
lineage. Of the different cellular subproteomes, those embedded in the plasma membrane have been of substantial interest
as they regulate key biological functions such as cell-to-cell
and cell–matrix interactions, transport, and signal reception/
transduction. Signaling pathways governing differentiation
are controlled by environmental cues, ie, the binding of
secreted ligands to membrane receptors. A proteomic approach targeting plasma membrane receptors as well as
protein secretion may unravel key mechanisms regulating
cardiovascular differentiation. A prerequisite is that stem
cells can be expanded to obtain sufficient material for
proteomic analysis. Unfortunately, many adult stem cells are
scarce. Considering this, our group, like many others,47,48
opted to work with ESCs to understand molecular mechanisms determining their commitment to the cardiovascular
lineage. For instance, Behfar et al used proteomic screens to
decipher cardiogenic instructive signals in mouse ESCs that
induced the expression and nuclear translocation of cardiac
transcription factors.49 Similarly, Williamson et al revealed
the posttranscriptional regulation of mesoderm differentiation
to endothelial and hematopoietic precursors, the hemangioblasts, in mouse ESCs.50 The largest proteome reported in
mouse ESC to date was published by Graumann et al.51 In
total, more than 5000 proteins were identified by combining
gel-LC-MS/MS and shotgun proteomics with isoelectric focusing of tryptic peptides for prefractionation. The coverage

in both methods was comparable and contained key stem cell
markers. Importantly, murine ES cells could be fully SILAClabeled when grown feeder-free during the last phase of cell
culture. Of course, large quantities of cells are required to
achieve such coverage, ie, up to 10 million. A recently
developed proteomics sample processing and analysis platform, termed rare cell proteomic reactor, helped to substantially reduce cell numbers: with this method, as little as
50 000 human ESCs were sufficient to identify more than
2000 unique proteins and quantify significant changes during
early mesoderm development.52 Finally, a phosphoproteomic
analysis in human ESCs revealed ⬎10 000 unique phosphorylation sites,53 among which 5 were localized to Oct4 and
Sox2. These 2 transcription factors are known to be important
for stem cell pluripotency and to play a critical role in
reprogramming adult cell lines to an ESC state (induced
pluripotent [iPS] cells).54

Controversy of EPCs: Proteomics Provides
New Insights
EPCs were first described in 1997 by Asahara and colleagues
who showed that purified CD34⫹/KDR (VEGFR2)⫹ mononuclear cells from adults can differentiate ex vivo to an
endothelial phenotype.55 This seminal study did not directly
test whether these cells also have in vivo vessel forming
ability, but subsequent studies showed that EPCs contribute
to the recovery of the ischemic cardiac tissue and were
proposed as a therapeutic option to rescue tissue after
ischemia.56 By now, a PubMed search on EPCs returns
thousands of publications.57 Despite the immense explosion
of interest in this area, there is neither a standard definition
nor an accepted methodology for their enumeration.58 In flow
cytometric analysis, CD34, CD133, and KDR are commonly
used, but it is unclear whether CD34⫹, CD133⫹, and KDR⫹
cells represent endothelial precursors or are primitive hematopoietic progenitors.59,60 Also, circulating EPCs defined by
these criteria are extremely rare and difficult to quantify, as
highlighted by a methodological comparison of different flow
cytometric approaches.61 In vitro culture methods were introduced as an alternative approach: the endothelial CFU assay
was proposed as a surrogate measurement for the number of
circulating EPCs in clinical studies,43 and the culture of early
outgrowth EPCs was used as an in vitro expansion method to
obtain sufficient cell numbers for mechanistic experiments.62
In both methods, EPCs were isolated from mononuclear cells
by density barrier centrifugation (Lymphoprep, Ficoll, etc)
because it is a fast and “stress”-free equilibrium method,
while the cell-sorting step for CD34⫹ KDR⫹ cells was
eliminated. Therefore, different cell types were assessed in
vitro and in vivo63– 65 and at present, there are no specific
markers, which unambiguously identify EPCs.66 – 68 Subsequent studies challenged the assertion that CFUs and early
outgrowth EPCs are bona fide EPCs. Clonal analysis performed by Yoder et al69 revealed that CFUs are derived from
the hematopoietic system, possess myeloid progenitor cell
activity, and differentiate into phagocytic macrophages. Rohde et al demonstrated that CFUs formed as a result of a
functional cross between T cells and monocytes.70,71 By now,
findings from different groups converged showing that early
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outgrowth EPCs fail to incorporate in the vasculature and do
not differentiate to endothelial cells (as reviewed elsewhere72), but that blood monocytes mimic EPCs and mediate
an angiogenic effect in a paracrine manner.73,74 Yet, it
remained unclear how these cells acquire endothelial characteristics and promote angiogenesis.
Proteomics helped to shed new light on the caveats of this
common stem cell assay in cardiovascular research: in a
proteomics analysis of MPs in the conditioned medium of
early outgrowth EPCs, the platelet-specific integrin ␣-IIb
emerged as the most abundant integrin.37 Conventional methods for isolating mononuclear leukocytes (lymphocytes,
monocytes, and natural killer cells) using density barrier
centrifugation deplete erythrocytes and granulocytes (mainly
neutrophils), but a platelet contamination is commonplace37,75
and varies depending on the stringency of the washing steps.
Most investigators are either unaware of the presence of
platelets in EPC cultures or assume that the platelet contamination is of minor importance as the platelets disappear
within few days of culture. The platelets, however, just
disintegrate into smaller platelet (P)MPs, which are subsequently incorporated by the adherent leukocyte population.
Generally, platelets are not considered while performing
phenotypic analysis of EPCs. Platelets and PMPs bind Ulex
europaeus agglutinin (UEA)-1 and the uptake of PMP by the
adherent mononuclear cell population can result in a transfer
of the “endothelial” markers CD31 and von Willebrand
factor. As macrophages also incorporate acetylated lowdensity lipoprotein,76 studies evaluating EPCs based on acetylated low-density lipoprotein uptake and UEA-1 binding are
not reliable. Similarly, cells staining double positive for
hematopoietic and endothelial markers may not be EPCs.77
Although PMP-induced transfer of marker proteins is unlikely to permanently change a marker expression profile, a
PMP uptake is noticeable between day 3 and day 7 of culture
(Figure 3A), when most investigators are evaluating the
outgrowth of EPCs by immunostaining. Addition of an
immunophenotypic marker for platelet proteins would be a
prudent measure to avoid misinterpretations of immunolabeling for CD31 and von Willebrand factor. Coincubation of
platelets and peripheral blood mononuclear cells dosedependently increased the number of adherent EPCs.78 In a
large population-based study, platelet and monocyte counts
emerged as a positive predictor for the number of CFUs and
early outgrowth EPCs.37 These findings constitute a paradigm
shift from the original definition of an EPC phenotype77 and
provide an explanation for the misinterpretation of their
cellular progeny.
Furthermore, early outgrowth EPCs and their conditioned
media were used for functional experiments, while saline
injections or plain medium served as controls. PMPs may, at
least partially, be responsible for the observed angiogenic
effects. Soluble factors released by EPCs have been previously analyzed using microarrays,79 but a contamination with
platelet proteins would have gone unnoticed, demonstrating
the advantages of a proteomics approach. It is well established that platelets and PMPs bind to monocytes/macrophages80 (Figure 3B) and increase their adhesiveness. In this
respect, it is not surprising that platelets and PMPs have a
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Figure 3. Platelets: a sticky problem for EPCs? A, Intact
platelets stain positive for integrin ␣-IIb (CD41) among peripheral blood mononuclear cells (PBMNCs) counterstained with DAPI
on day 1 (D1) of coculture. Platelet proteins are taken up by the
adherent cell population and remain detectable in PBMNCs at
day 7 (D7) of culture. These findings can be replicated by using
PMPs and the monocytic THP-1 cell line. After 2 days, THP-1
cells incorporate PMPs as indicated by CD41/CD31 doublepositive staining. Therefore, monocytic cells may have been
“masquerading” as EPCs because of contaminating platelets
and PMPs. B, Platelets and PMPs, known for their role in coagulation, stick to monocytes and exchange membrane components. The image shows this interaction: the platelet surface is
stained in green, the THP-1 monocyte is stained in red, and the
green color diffuses into the THP-1 monocyte. Some of the
membrane markers currently used to identify EPCs, such as
CD31 and von Willebrand factor, are not unique to EPCs but
also present in platelets.

similar effect on EPCs.81,82 Platelets also contain a range of
proangiogenic growth factors, including VEGF, and PMPs
are potent inducers of angiogenesis.83 Meanwhile, it has been
shown that MPs contribute to the activation of an angiogenic
program in EPCs,84 that the depletion of MPs reduces the
angiogenic activity of their conditioned medium37 and that
PMPs enhance the potential of EPCs to restore endothelial
integrity after vascular injury.82 In the latter study, the effect
of PMPs alone was not evaluated in vivo.82 In a rat model of
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Figure 4. SILAC to study protein transfer. THP-1 monocytes labeled with
“heavy” arginine and lysine were incubated with unlabeled “light” PMPs.
Untreated THP-1 cells and THP-1 cells
treated with PMP-free platelet supernatant served as controls. Despite a similar
number of total spectra assigned to
annexin A5 (A), unmodified (light) peptides were only identified in THP-1 cells
treated with PMPs (B). In the cellular
proteome of PMP-treated THP-1 monocytes, 5 of 35 spectra for annexin A5
were platelet-derived, confirming a substantial uptake of PMP proteins. Spectra
of a heavy (Arg⫹10 [R⫹10]) and a light
peptide (Arg [R]) of annexin A5, as identified by LC-MS/MS are shown in the
bottom half of A and B, respectively.
MP indicates THP-1 cells incubated with
PMPs; ST, THP-1 cells incubated with
PMP-free platelet supernatant; THP,
untreated controls.

chronic myocardial ischemia, however, injections of PMPs
were sufficient to stimulate postischemic revascularization in
the myocardium.85 In hindsight, functional improvements
should not have been attributed to EPCs without an in-depth
analysis of the protein content in their conditioned medium.
The question whether EPCs are “stem cells of monocytic
origin” or “angiogenic macrophages” is not solely semantic
and it has been proposed that the term “progenitor” should be
retired for early outgrowth EPCs without clonal proliferation
and differentiation potential.72,86 New names, such as circulating angiogenic cells, early angiogenic cells, early outgrowth cells, etc, are currently being introduced but cannot
overcome the limitations of this coculture assay. As outlined
by Hirschi et al,86 more stringent criteria are needed for EPC
studies and have already been implemented by an American
Heart Association journal. There is no general consensus on
how to define macrophage phenotypes and the distinction
between M1 versus M2 macrophages is an overly simplistic
representation of a very complex area of biology. In this
respect, the recent findings demonstrating the transfer of
mRNA84 and proteins82 from PMPs to mononuclear cells,

including the chemokine receptor CXCR4, open exciting new
possibilities of how platelets may alter macrophage function
or influence their angiogenic activity.67,68,87
Of course, a protein transfer between cell types also
represents an analytic challenge for proteomics. If protein
containing-vesicles are taken up by recipient cells, the transferred proteins will not be distinguishable from the endogenous proteins as long as the proteins are expressed by both
cells types. This can be addressed by adopting a SILAC
approach as illustrated in Figure 4: THP-1 monocytes were
SILAC-labeled for 5 population doublings until all endogenous proteins had a “heavy” arginine or lysine. Then, they
were incubated with freshly isolated PMPs for 48 hours
before their cellular proteome was separated by 2-DE and
compared to untreated THP-1 cells. Platelet supernatant
depleted of MPs was used as additional negative control to
ensure that the observed effects in THP-1 cells are attributable to the MP fraction and not to soluble factors. Differentially expressed proteins were identified by LC-MS/MS. In
this case, any nonlabeled/“light” peptides in the cellular
proteome of THP-1 monocytes incubated with PMPs should
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be platelet-derived. Indeed, the LC-MS/MS analysis of a
2-DE spot containing annexin A5 returned 35 spectra in total
(Figure 4A), 5 of which had a “light” peptide confirming a
substantial uptake of PMPs (Figure 4B). Thus, it is possible to
discern protein exchange from protein expression and determine the cellular origin of proteins in cocultures by using
metabolic labeling. Such insights can be obtained by proteomics and not with conventional antibody-based
techniques.

Lessons to Be Learned for Stem Cell Research
The bulk of the cardiovascular stem cell literature is based on
immunolabeling for marker proteins combined with functional improvements in animal models. Frequently, the detailed mechanisms of these effects remain elusive, and the
correct interpretation of the findings relies on the validity of
the assumptions described below.

Concept of Marker Proteins: Is Costaining
Equivalent to Coexpression?
Stem cells in the cardiovascular system are classically assessed by costaining for a progenitor and a cardiac or vascular
differentiation marker. In vitro, marker expression is confirmed at the transcript level, but in vivo studies predominantly rely on immunolabeling. The widely held view is that
positive staining for marker proteins is consistent with gene
expression, but there might be notable exceptions: in areas of
tissue injury where cell death, platelet activation, and inflammatory cell infiltration occur, the possibility of a temporary
exchange of antigens between cell types should be taken into
consideration. Under these circumstances, the concept of
costaining for marker proteins may not be reliable. If we
reevaluate the stem cell literature bearing in mind that
staining might occur without concurrent gene expression, it is
evident that the expression of differentiation markers should
be under increased scrutiny. For example, positive staining
for CD31 or PECAM-1 (platelet endothelial cell adhesion
molecule-1) is widely used to proof a conversion of hematopoietic stem cells into endothelial cells. However, CD31 is
not specific for endothelial cells, but also present on platelets
and to different degrees on leukocyte subtypes.67,89 If injected
stem cells incorporate platelet material, they could be masquerading as “stem cell-derived” endothelial cells. Similarly,
the tie2 promoter has been used extensively to follow the fate
of EPCs, but it is also expressed by different non-endothelial
cell types, including a monocytic/macrophage cell fraction.57
With respect to vascular SMCs, staining for smooth muscle
actin is insufficient evidence for the differentiation of progenitor cells toward the smooth muscle lineage.90 The reliance on such nonspecific markers results in an overestimation
of bone marrow– derived cells.91 In fact, a recent time-course
analysis in a mouse model of femoral artery injury suggested
that the contribution of bone-marrow derived cells to neointima formation is limited to a transient period of the inflammatory response.92 There was also little evidence for a direct
contribution of circulating EPCs to plaque endothelium in
apoE-deficient mice.93 Other studies used cocultures with
neonatal rat cardiomyocytes to demonstrate differentiation of
bone marrow stromal cells94 and EPCs into cardiac pheno-
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types.95 The conclusion that human EPCs transdifferentiate
into functional cardiomyocytes was based on immunostaining
for cardiomyocyte markers and the recording of cardiac
action potentials.95 The alternative explanations are that EPCs
have incorporated cardiomyocyte markers and the action
potentials were inadvertently recorded from neighboring
cardiomyocytes or that some cardiomyocytes have incorporated cell material from EPCs. Indeed, several studies failed
to detect permanent engraftment and transdifferentiation
of transplanted bone marrow– derived hematopoietic stem
cells.96,97 Cell fusion of bone marrow– derived donor cells
with recipient cardiomyocytes has been suggested as a
potential mechanism,98,99 but this is contested by others.100
Notably, membrane vesicles could contribute to an exchange
of marker proteins without classic cell fusion events. Therefore, caution should be exercised in the interpretation of
immunolabeling, particularly in areas with tissue injury and
in coculture systems.

Paracrine Effects: Can the Functional
Improvements Be Attributed to Stem Cells?
Progenitor cells have repeatedly been implicated in cardiovascular tissue repair, yet the mechanisms by which they act
remain unsettled. In clinical trials, the percentage of retained
cells is small and the number of cells that can be delivered via
the intracoronary route is limited because of the risk of
microinfarction, aggravating rather than repairing the injury.
Moreover, some methods of cell labeling for imaging, ie, iron
particle-based MRI, have substantial limitations, ie, on death
of the delivered cells, the particles can accumulate in macrophages and may not reflect stem cell fate. In view of the poor
engraftment and survival rates for injected stem cells, the
observed improvements in cardiac function after cell therapy
must be explained by mechanisms other than stem cell
differentiation. The pendulum was swinging to indirect effects on angiogenesis and functional regeneration of the
heart.101 Paracrine effects are a plausible explanation, but the
question arises whether the observed improvements can be
attributed to stem cells, if the cell preparation is a heterogeneous population? Arguably, the choice of appropriate controls for stem cell therapies is not trivial. Stem cells may need
other cell types and a mixture of cells could be a more potent
“biofactory” of paracrine factors than a purified stem cell
population. Nonetheless, saline or plain medium are inadequate controls to establish whether the other cells in the
mixture actually require the presence of stem cells and
whether the paracrine factors are indeed stem cell– derived.
By now, positive effects have been reported with many
different cell preparations. Clearly, it is the major challenge
facing cardiovascular cell therapy to identify the most suitable stem/progenitor cell type for transplantation,102 but other
cell types in unpurified cell preparations must not be ignored.

Concluding Remarks
The fascination with stem cells is derived from their unique
capacity for self-renewal and capability of forming at least
one, and sometimes many, specific cell types. The fundamental property of stem cells is that they can regenerate the
functional capacity of organs by replacing degenerative or
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Figure 5. Revised working
model for early outgrowth
EPCs. Early outgrowth EPCs
were supposed to be a type of
stem cell that differentiates
into endothelial cells and
incorporates in the lining of
blood vessels. Based on our
proteomics analysis of EPC
cultures and findings by many
other investigators, a tentative
model, where vascular repair
may be initiated by PMPs that
recruit monocytes (MNC) to
areas of vascular injury, seems
more likely. A PMP-mediated
protein and mRNA exchange
could alter monocyte function
and/or promote the transition
to a proangiogenic macrophage phenotype. Together,
PMPs and angiogenic macrophages may facilitate the
recruitment of neighboring endothelial cells. For example,
thymidine phosphorylase (previously referred to as plateletderived endothelial growth factor) was identified to be
among the proangiogenic factors in EPC cultures. Thymidine phosphorylase produces 2-deoxy-D-ribose-phosphate (dRP), an angiogenic metabolite. The expression of thymidine phosphorylase by EPCs may promote endothelial migration to occur along a gradient toward the injury and stimulate wound healing. This
alternative concept would help to reconcile the literature documenting beneficial effects of EPCs on cardiovascular function with the
recent finding that early outgrowth EPCs are not genuine endothelial precursors and do not incorporate in the vasculature.

dying cells. The key deliverable of cardiac stem cell therapy
is the generation of cardiac muscle to repair chronic scars.
Long-term success is less likely, if the cells used for therapy
have no cardiomyogenic potential but induce angiogenesis
while the underlying condition remains a scarred ventricle.
The initial concept of delivering bone marrow cells to the
injured myocardium was, at least partially, based on the
assumption that subpopulations, such as EPCs, can differentiate into cardiomyocytes and functionally regenerate the
heart. Meanwhile, the consensus seems to emerge that the
functional benefit of bone marrow cell therapy involves stem
cell–mediated angiogenesis, not cardiomyogenesis.81,88 Reports that some previous definitions of EPCs were not reliable
and that PMPs contributed to their angiogenic activity, further
challenge the concept of using unpurified bone marrow
mononuclear cell preparations for therapy. Future studies will
need to explore whether variations in platelets and especially
in PMPs (which tend to be overlooked because of their small
size103) can help to explain the inconsistent results in clinical
trials.104,105 After all, progenitor cell– based regenerative therapeutics are now commercially available to treat patients. If
PMPs recruit or convert angiogenic monocytes (Figure 5),
then the identification and administration of these active
components in PMPs may overcome the need for a bone
marrow cell-based therapy and ultimately result in novel
cell-free therapeutic strategies. In an ironic twist, the very
feature of platelet activation, the formation of PMPs that may
allow for an enhanced vasoregeneration of EPCs,82 is inhibited by antiplatelet drugs, and one might consider if a more
tailored antiplatelet therapy could preserve some of these

beneficial effects of PMPs in promoting tissue repair. Regardless, EPCs and cell therapy are likely to be subject to
ongoing controversy in cardiovascular research.106 Although
proteomics cannot be the method of choice for routine quality
control, especially given the inherent problems of low stem
cell numbers in clinical samples, proteomic technologies are
an important research tool that can help to solve some of the
fundamental problems that are plaguing the cell therapy field.
By identifying surface proteins and defining stem cell–
specific markers and secreted factors, proteomics may have a
clinical impact for developing new methods for better cell
sorting and cell characterization. Ultimately, routine testing
of stem cell functionality needs to be done with an easy and
inexpensive method that can be performed with very low cell
numbers.

Acknowledgments
We are grateful to Thomas Untereichner for providing help with the
graphical illustrations. We thank Dr Anna Zampetaki and Prof
Michael Marber for proofreading the manuscript and for valuable
comments.

Sources of Funding
M.M. is a Senior Fellow of the British Heart Foundation.

Disclosures
None.

References
1. Menasche P. Cardiac cell therapy: lessons from clinical trials. J Mol Cell
Cardiol. In press.

Downloaded from circres.ahajournals.org at King's College London on March 2, 2011

Prokopi and Mayr
2. Davis DR, Ruckdeschel Smith R, Marban E. Human cardiospheres are
a source of stem cells with cardiomyogenic potential. Stem Cells. 2010;
28:903–904.
3. Zaruba MM, Soonpaa M, Reuter S, Field LJ. Cardiomyogenic potential
of C-kit(⫹)-expressing cells derived from neonatal and adult mouse
hearts. Circulation. 2010;121:1992–2000.
4. Chien KR. Stem cells: lost in translation. Nature. 2004;428:607– 608.
5. Seeger FH, Tonn T, Krzossok N, Zeiher AM, Dimmeler S. Cell isolation
procedures matter: a comparison of different isolation protocols of bone
marrow mononuclear cells used for cell therapy in patients with acute
myocardial infarction. Eur Heart J. 2007;28:766 –772.
6. Yeo C, Saunders N, Locca D, Flett A, Preston M, Brookman P, Davy B,
Mathur A, Agrawal S. Ficoll-Paque versus Lymphoprep: a comparative
study of two density gradient media for therapeutic bone marrow mononuclear cell preparations. Regen Med. 2009;4:689 – 696.
7. International Human Genome Sequencing Consortium. Finishing the
euchromatic sequence of the human genome. Nature. 2004;431:
931–945.
8. Mayr M, Zhang J, Greene AS, Gutterman D, Perloff J, Ping P.
Proteomics-based development of biomarkers in cardiovascular disease:
mechanistic, clinical, and therapeutic insights. Mol Cell Proteomics.
2006;5:1853–1864.
9. Arrell DK, Neverova I, Van Eyk JE. Cardiovascular proteomics: evolution and potential. Circ Res. 2001;88:763–773.
10. McGregor E, Dunn MJ. Proteomics of the heart: unraveling disease.
Circ Res. 2006;98:309 –321.
11. Bendall SC, Hughes C, Campbell JL, Stewart MH, Pittock P, Liu S,
Bonneil E, Thibault P, Bhatia M, Lajoie GA. An enhanced mass spectrometry approach reveals human embryonic stem cell growth factors in
culture. Mol Cell Proteomics. 2009;8:421– 432.
12. Gygi SP, Rochon Y, Franza BR, Aebersold R. Correlation between
protein and mRNA abundance in yeast. Mol Cell Biol. 1999;19:
1720 –1730.
13. Newman JR, Ghaemmaghami S, Ihmels J, Breslow DK, Noble M,
DeRisi JL, Weissman JS. Single-cell proteomic analysis of S. cerevisiae
reveals the architecture of biological noise. Nature. 2006;441:840 – 846.
14. Didangelos A, Yin X, Mandal K, Baumert M, Jahangiri M, Mayr M.
Proteomics characterization of extracellular space components in the
human aorta. Mol Cell Proteomics. 2010;9:2048 –2062.
15. Yin X, Cuello F, Mayr U, Hao Z, Hornshaw M, Ehler E, Avkiran M,
Mayr M. Proteomics analysis of the cardiac myofilament subproteome
reveals dynamic alterations in phosphatase subunit distribution. Mol Cell
Proteomics. 2010;9:497–509.
16. Mayr M, Liem D, Zhang J, Li X, Avliyakulov NK, Yang JI, Young G,
Vondriska TM, Ladroue C, Madhu B, Griffiths JR, Gomes A, Xu Q,
Ping P. Proteomic and metabolomic analysis of cardioprotection:
interplay between protein kinase C epsilon and delta in regulating
glucose metabolism of murine hearts. J Mol Cell Cardiol. 2009;46:
268 –277.
17. De Souza AI, McGregor E, Dunn MJ, Rose ML. Preparation of human
heart for laser microdissection and proteomics. Proteomics. 2004;4:
578 –586.
18. Dunn MJ. Studying heart disease using the proteomic approach. Drug
Discov Today. 2000;5:76 – 84.
19. Mann M. Functional and quantitative proteomics using SILAC. Nat Rev
Mol Cell Biol. 2006;7:952–958.
20. Gramolini AO, Kislinger T, Alikhani-Koopaei R, Fong V, Thompson
NJ, Isserlin R, Sharma P, Oudit GY, Trivieri MG, Fagan A, Kannan A,
Higgins DG, Huedig H, Hess G, Arab S, Seidman JG, Seidman CE, Frey
B, Perry M, Backx PH, Liu PP, MacLennan DH, Emili A. Comparative
proteomics profiling of a phospholamban mutant mouse model of
dilated cardiomyopathy reveals progressive intracellular stress
responses. Mol Cell Proteomics. 2008;7:519 –533.
21. Mikesh LM, Ueberheide B, Chi A, Coon JJ, Syka JE, Shabanowitz J,
Hunt DF. The utility of ETD mass spectrometry in proteomic analysis.
Biochim Biophys Acta. 2006;1764:1811–1822.
22. Stastna M, Abraham MR, Van Eyk JE. Cardiac stem/progenitor cells,
secreted proteins, and proteomics. FEBS Lett. 2009;583:1800 –1807.
23. Medina RJ, O’Neill CL, Sweeney M, Guduric-Fuchs J, Gardiner TA,
Simpson DA, Stitt AW. Molecular analysis of endothelial progenitor
cell (EPC) subtypes reveals two distinct cell populations with different
identities. BMC Med Genomics. 2010;3:18.
24. Didangelos A, Simper D, Monaco C, Mayr M. Proteomics of acute
coronary syndromes. Curr Atheroscler Rep. 2009;11:188 –195.

Stem Cell Proteomics

509

25. Mayr M, Zampetaki A, Sidibe A, Mayr U, Yin X, De Souza AI, Chung
YL, Madhu B, Quax PH, Hu Y, Griffiths JR, Xu Q. Proteomic and
metabolomic analysis of smooth muscle cells derived from the arterial
media and adventitial progenitors of apolipoprotein E-deficient mice.
Circ Res. 2008;102:1046 –1056.
26. Yin X, Mayr M, Xiao Q, Wang W, Xu Q. Proteomic analysis reveals
higher demand for antioxidant protection in embryonic stem cell-derived
smooth muscle cells. Proteomics. 2006;6:6437– 6446.
27. Pula G, Mayr U, Evans C, Prokopi M, Vara DS, Yin X, Astroulakis Z,
Xiao Q, Hill J, Xu Q, Mayr M. Proteomics identifies thymidine phosphorylase as a key regulator of the angiogenic potential of colonyforming units and endothelial progenitor cell cultures. Circ Res. 2009;
104:32– 40.
28. Hotchkiss KA, Ashton AW, Schwartz EL. Thymidine phosphorylase
and 2-deoxyribose stimulate human endothelial cell migration by
specific activation of the integrins alpha 5 beta 1 and alpha V beta 3.
J Biol Chem. 2003;278:19272–19279.
29. Hotchkiss KA, Ashton AW, Klein RS, Lenzi ML, Zhu GH, Schwartz
EL. Mechanisms by which tumor cells and monocytes expressing the
angiogenic factor thymidine phosphorylase mediate human endothelial
cell migration. Cancer Res. 2003;63:527–533.
30. Sidibe A, Yin X, Tarelli E, Xiao Q, Zampetaki A, Xu Q, Mayr M.
Integrated membrane protein analysis of mature and embryonic stem
cell-derived smooth muscle cells using a novel combination of CyDye/
biotin labeling. Mol Cell Proteomics. 2007;6:1788 –1797.
31. Wollscheid B, Bausch-Fluck D, Henderson C, O’Brien R, Bibel M,
Schiess R, Aebersold R, Watts JD. Mass-spectrometric identification
and relative quantification of N-linked cell surface glycoproteins. Nat
Biotechnol. 2009;27:378 –386.
32. Nunomura K, Nagano K, Itagaki C, Taoka M, Okamura N, Yamauchi Y,
Sugano S, Takahashi N, Izumi T, Isobe T. Cell surface labeling and
mass spectrometry reveal diversity of cell surface markers and signaling
molecules expressed in undifferentiated mouse embryonic stem cells.
Mol Cell Proteomics. 2005;4:1968 –1976.
33. Intoh A, Kurisaki A, Yamanaka Y, Hirano H, Fukuda H, Sugino H,
Asashima M. Proteomic analysis of membrane proteins expressed specifically in pluripotent murine embryonic stem cells. Proteomics. 2009;
9:126 –137.
34. Van Hoof D, Dormeyer W, Braam SR, Passier R, Monshouwer-Kloots
J, Ward-van Oostwaard D, Heck AJ, Krijgsveld J, Mummery CL.
Identification of cell surface proteins for antibody-based selection of
human embryonic stem cell-derived cardiomyocytes. J Proteome Res.
2010;9:1610 –1618.
35. Gundry RL, Raginski K, Tarasova Y, Tchernyshyov I, Bausch-Fluck D,
Elliott ST, Boheler KR, Van Eyk JE, Wollscheid B. The mouse C2C12
myoblast cell surface N-linked glycoproteome: identification, glycosite
occupancy, and membrane orientation. Mol Cell Proteomics. 2009;8:
2555–2569.
36. Dormeyer W, van Hoof D, Braam SR, Heck AJ, Mummery CL, Krijgsveld J. Plasma membrane proteomics of human embryonic stem cells
and human embryonal carcinoma cells. J Proteome Res. 2008;7:
2936 –2951.
37. Prokopi M, Pula G, Mayr U, Devue C, Gallagher J, Xiao Q, Boulanger
CM, Westwood N, Urbich C, Willeit J, Steiner M, Breuss J, Xu Q,
Kiechl S, Mayr M. Proteomic analysis reveals presence of platelet
microparticles in endothelial progenitor cell cultures. Blood. 2009;114:
723–732.
38. VanWijk MJ, VanBavel E, Sturk A, Nieuwland R. Microparticles in
cardiovascular diseases. Cardiovasc Res. 2003;59:277–287.
39. Mayr M, Grainger D, Mayr U, Leroyer AS, Leseche G, Sidibe A, Herbin
O, Yin X, Gomes A, Madhu B, Griffiths JR, Xu Q, Tedgui A, Boulanger
CM. Proteomics, metabolomics, and immunomics on microparticles
derived from human atherosclerotic plaques. Circ Cardiovasc Genet.
2009;2:379 –388.
40. Stastna M, Chimenti I, Marban E, Van Eyk JE. Identification and
functionality of proteomes secreted by rat cardiac stem cells and
neonatal cardiomyocytes. Proteomics. 2010;10:245–253.
41. Anderson NL, Anderson NG. The human plasma proteome: history,
character, and diagnostic prospects. Mol Cell Proteomics. 2002;1:
845– 867.
42. Tunica DG, Yin X, Sidibe A, Stegemann C, Nissum M, Zeng L, Brunet
M, Mayr M. Proteomic analysis of the secretome of human umbilical
vein endothelial cells using a combination of free-flow electrophoresis
and nanoflow LC-MS/MS. Proteomics. 2009;9:4991– 4996.

Downloaded from circres.ahajournals.org at King's College London on March 2, 2011

510

Circulation Research

February 18, 2011

43. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi
AA, Finkel T. Circulating endothelial progenitor cells, vascular
function, and cardiovascular risk. N Engl J Med. 2003;348:593– 600.
44. Yoon CH, Hur J, Park KW, Kim JH, Lee CS, Oh IY, Kim TY, Cho HJ,
Kang HJ, Chae IH, Yang HK, Oh BH, Park YB, Kim HS. Synergistic
neovascularization by mixed transplantation of early endothelial progenitor cells and late outgrowth endothelial cells: the role of angiogenic
cytokines and matrix metalloproteinases. Circulation. 2005;112:
1618 –1627.
45. Simper D, Mayr U, Urbich C, Zampetaki A, Prokopi M, Didangelos A,
Saje A, Mueller M, Benbow U, Newby AC, Apweiler R, Rahman S,
Dimmeler S, Xu Q, Mayr M. Comparative proteomics profiling reveals
role of smooth muscle progenitors in extracellular matrix production.
Arterioscler Thromb Vasc Biol. 2010;30:1325–1332.
46. Dawson DW, Volpert OV, Gillis P, Crawford SE, Xu H, Benedict W,
Bouck NP. Pigment epithelium-derived factor: a potent inhibitor of
angiogenesis. Science. 1999;285:245–248.
47. Gundry RL, Tchernyshyov I, Sheng S, Tarasova Y, Raginski K, Boheler
KR, Van Eyk JE. Expanding the mouse embryonic stem cell proteome:
combining three proteomic approaches. Proteomics. 2010;10:
2728 –2732.
48. Van Hoof D, Mummery CL, Heck AJ, Krijgsveld J. Embryonic stem
cell proteomics. Expert Rev Proteomics. 2006;3:427– 437.
49. Behfar A, Perez-Terzic C, Faustino RS, Arrell DK, Hodgson DM,
Yamada S, Puceat M, Niederlander N, Alekseev AE, Zingman LV,
Terzic A. Cardiopoietic programming of embryonic stem cells for
tumor-free heart repair. J Exp Med. 2007;204:405– 420.
50. Williamson AJ, Smith DL, Blinco D, Unwin RD, Pearson S, Wilson C,
Miller C, Lancashire L, Lacaud G, Kouskoff V, Whetton AD. Quantitative proteomics analysis demonstrates post-transcriptional regulation
of embryonic stem cell differentiation to hematopoiesis. Mol Cell Proteomics. 2008;7:459 – 472.
51. Graumann J, Hubner NC, Kim JB, Ko K, Moser M, Kumar C, Cox J,
Scholer H, Mann M. Stable isotope labeling by amino acids in cell
culture (SILAC) and proteome quantitation of mouse embryonic stem
cells to a depth of 5,111 proteins. Mol Cell Proteomics. 2008;7:
672– 683.
52. Tian R, Wang S, Elisma F, Li L, Zhou H, Wang L, Figeys D. Rare cell
proteomic reactor applied to SILAC based quantitative proteomic study
of human embryonic stem cell differentiation. Mol Cell Proteomics. In
press.
53. Swaney DL, Wenger CD, Thomson JA, Coon JJ. Human embryonic
stem cell phosphoproteome revealed by electron transfer dissociation
tandem mass spectrometry. Proc Natl Acad Sci U S A. 2009;106:
995–1000.
54. Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent
induced pluripotent stem cells. Nature. 2007;448:313–317.
55. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative progenitor endothelial cells for angiogenesis. Science. 1997;275:964 –967.
56. Rafii S, Lyden D. Therapeutic stem and progenitor cell transplantation
for organ vascularization and regeneration. Nat Med. 2003;9:702–712.
57. Deb A, Patterson C. Hard luck stories: the reality of endothelial progenitor cells continues to fall short of the promise. Circulation. 2010;
121:850 – 852.
58. Povsic TJ, Zavodni KL, Vainorius E, Kherani JF, GoldschmidtClermont PJ, Peterson ED. Common endothelial progenitor cell assays
identify discrete endothelial progenitor cell populations. Am Heart J.
2009;157:335–344.
59. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, Oz MC,
Hicklin DJ, Witte L, Moore MA, Rafii S. Expression of VEGFR-2 and
AC133 by circulating human CD34(⫹) cells identifies a population of
functional endothelial precursors. Blood. 2000;95:952–958.
60. Case J, Mead LE, Bessler WK, Prater D, White HA, Saadatzadeh MR,
Bhavsar JR, Yoder MC, Haneline LS, Ingram DA. Human
CD34⫹AC133⫹VEGFR-2⫹ cells are not endothelial progenitor cells
but distinct, primitive hematopoietic progenitors. Exp Hematol. 2007;
35:1109 –1118.
61. Van Craenenbroeck EM, Conraads VM, Van Bockstaele DR, Haine SE,
Vermeulen K, Van Tendeloo VF, Vrints CJ, Hoymans VY. Quantification of circulating endothelial progenitor cells: a methodological comparison of six flow cytometric approaches. J Immunol Methods. 2008;
332:31– 40.
62. Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, Kearney
M, Li T, Isner JM, Asahara T. Transplantation of ex vivo expanded

63.
64.

65.

66.
67.

68.
69.

70.

71.

72.
73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.
84.

endothelial progenitor cells for therapeutic neovascularization. Proc
Natl Acad Sci U S A. 2000;97:3422–3427.
Segers VF, Lee RT. Stem-cell therapy for cardiac disease. Nature.
2008;451:937–942.
Timmermans F, Plum J, Yoder MC, Ingram DA, Vandekerckhove B,
Case J. Endothelial progenitor cells: identity defined? J Cell Mol Med.
2009;13:87–102.
Timmermans F, Van Hauwermeiren F, De Smedt M, Raedt R, Plasschaert F, De Buyzere ML, Gillebert TC, Plum J, Vandekerckhove B.
Endothelial outgrowth cells are not derived from CD133⫹ cells or
CD45⫹ hematopoietic precursors. Arterioscler Thromb Vasc Biol.
2007;27:1572–1579.
Urbich C, Dimmeler S. Endothelial progenitor cells: characterization
and role in vascular biology. Circ Res. 2004;95:343–353.
Kim SJ, Kim JS, Papadopoulos J, Wook Kim S, Maya M, Zhang F, He
J, Fan D, Langley R, Fidler IJ. Circulating monocytes expressing CD31:
implications for acute and chronic angiogenesis. Am J Pathol. 2009;
174:1972–1980.
Horrevoets AJ. Angiogenic monocytes: another colorful blow to endothelial progenitors. Am J Pathol. 2009;174:1594 –1596.
Yoder MC, Mead LE, Prater D, Krier TR, Mroueh KN, Li F, Krasich R,
Temm CJ, Prchal JT, Ingram DA. Re-defining endothelial progenitor
cells via clonal analysis and hematopoietic stem/progenitor cell principals. Blood. 2007;109:1801–1809.
Rohde E, Bartmann C, Schallmoser K, Reinisch A, Lanzer G, Linkesch
W, Guelly C, Strunk D. Immune cells mimic the morphology of endothelial progenitor colonies in vitro. Stem Cells. 2007;25:1746 –1752.
Desai A, Glaser A, Liu D, Raghavachari N, Blum A, Zalos G, Lippincott
M, McCoy JP, Munson PJ, Solomon MA, Danner RL, Cannon RO III.
Microarray-based characterization of a colony assay used to investigate
endothelial progenitor cells and relevance to endothelial function in
humans. Arterioscler Thromb Vasc Biol. 2009;29:121–127.
Richardson MR, Yoder MC. Endothelial progenitor cells: Quo Vadis?
J Mol Cell Cardiol. In press.
Rohde E, Malischnik C, Thaler D, Maierhofer T, Linkesch W, Lanzer G,
Guelly C, Strunk D. Blood monocytes mimic endothelial progenitor
cells. Stem Cells. 2006;24:357–367.
Rehman J, Li J, Orschell CM, March KL. Peripheral blood “endothelial
progenitor cells” are derived from monocyte/macrophages and secrete
angiogenic growth factors. Circulation. 2003;107:1164 –1169.
McFarland DC, Zhang C, Thomas HC, Ratliff TL. Confounding effects
of platelets on flow cytometric analysis and cell-sorting experiments
using blood-derived cells. Cytometry Part A. 2006;69A:86 –94.
Bel A, Messas E, Agbulut O, Richard P, Samuel JL, Bruneval P, Hagege
AA, Menasche P. Transplantation of autologous fresh bone marrow into
infarcted myocardium: a word of caution. Circulation. 2003;108(suppl II):
II-247–II-252.
Yoder MC. Platelet MPs obscure some EPC definitions. Blood. 2009;
114:495– 496.
Dernbach E, Randriamboavonjy V, Fleming I, Zeiher AM, Dimmeler S,
Urbich C. Impaired interaction of platelets with endothelial progenitor
cells in patients with cardiovascular risk factors. Basic Res Cardiol.
2008;103:572–581.
Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher
AM, Dimmeler S. Soluble factors released by endothelial progenitor
cells promote migration of endothelial cells and cardiac resident progenitor cells. J Mol Cell Cardiol. 2005;39:733–742.
Silverstein RL, Asch AS, Nachman RL. Glycoprotein IV mediates
thrombospondin-dependent platelet-monocyte and platelet-U937 cell
adhesion. J Clin Invest. 1989;84:546 –552.
Abou-Saleh H, Yacoub D, Theoret JF, Gillis MA, Neagoe PE, Labarthe
B, Theroux P, Sirois MG, Tabrizian M, Thorin E, Merhi Y. Endothelial
progenitor cells bind and inhibit platelet function and thrombus formation. Circulation. 2009;120:2230 –2239.
Mause SF, Ritzel E, Liehn EA, Hristov M, Bidzhekov K, Muller-Newen
G, Soehnlein O, Weber C. Platelet microparticles enhance the vasoregenerative potential of angiogenic early outgrowth cells after vascular
injury. Circulation. 2010;122:495–506.
Boulanger CM, Tedgui A. Dying for attention: microparticles and angiogenesis. Cardiovasc Res. 2005;67:1–3.
Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, Tetta C,
Biancone L, Bruno S, Bussolati B, Camussi G. Endothelial progenitor
cell derived microvesicles activate an angiogenic program in endothelial
cells by a horizontal transfer of mRNA. Blood. 2007;110:2440 –2448.

Downloaded from circres.ahajournals.org at King's College London on March 2, 2011

Prokopi and Mayr
85. Brill A, Dashevsky O, Rivo J, Gozal Y, Varon D. Platelet-derived
microparticles induce angiogenesis and stimulate post-ischemic revascularization. Cardiovasc Res. 2005;67:30 –38.
86. Hirschi KK, Ingram DA, Yoder MC. Assessing identity, phenotype, and
fate of endothelial progenitor cells. Arterioscler Thromb Vasc Biol.
2008;28:1584 –1595.
87. Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S,
Chimenti S, Landsman L, Abramovitch R, Keshet E. VEGF-induced
adult neovascularization: recruitment, retention, and role of accessory
cells. Cell. 2006;124:175–189.
88. Marban E, Cheng K. Heart to heart: the elusive mechanism of cell
therapy. Circulation. 2010;121:1981–1984.
89. Woodfin A, Voisin MB, Nourshargh S. PECAM-1: a multi-functional
molecule in inflammation and vascular biology. Arterioscler Thromb
Vasc Biol. 2007;27:2514 –2523.
90. Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T, Hirai H,
Makuuchi M, Hirata Y, Nagai R. Hematopoietic stem cells differentiate
into vascular cells that participate in the pathogenesis of atherosclerosis.
Nat Med. 2002;8:403– 409.
91. Sata M, Tanaka K, Nagai R. Origin of smooth muscle progenitor cells:
different conclusions from different models. Circulation. 2003;107:e106–e107.
92. Daniel JM, Bielenberg W, Stieger P, Weinert S, Tillmanns H, Sedding
DG. Time-course analysis on the differentiation of bone marrow-derived
progenitor cells into smooth muscle cells during neointima formation.
Arterioscler Thromb Vasc Biol. 2010;30:1890 –1896.
93. Hagensen MK, Shim J, Thim T, Falk E, Bentzon JF. Circulating endothelial progenitor cells do not contribute to plaque endothelium in
murine atherosclerosis. Circulation. 2010;121:898 –905.
94. Xu M, Wani M, Dai YS, Wang J, Yan M, Ayub A, Ashraf M. Differentiation of bone marrow stromal cells into the cardiac phenotype requires
intercellular communication with myocytes. Circulation. 2004;110:
2658–2665.
95. Badorff C, Brandes RP, Popp R, Rupp S, Urbich C, Aicher A, Fleming
I, Busse R, Zeiher AM, Dimmeler S. Transdifferentiation of bloodderived human adult endothelial progenitor cells into functionally active
cardiomyocytes. Circulation. 2003;107:1024 –1032.
96. Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO,
Rubart M, Pasumarthi KB, Virag JI, Bartelmez SH, Poppa V, Bradford
G, Dowell JD, Williams DA, Field LJ. Haematopoietic stem cells do not
transdifferentiate into cardiac myocytes in myocardial infarcts. Nature.
2004;428:664 – 668.

Stem Cell Proteomics

511

97. Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL,
Robbins RC. Haematopoietic stem cells adopt mature haematopoietic
fates in ischaemic myocardium. Nature. 2004;428:668 – 673.
98. Nygren JM, Jovinge S, Breitbach M, Sawen P, Roll W, Hescheler J,
Taneera J, Fleischmann BK, Jacobsen SE. Bone marrow-derived
hematopoietic cells generate cardiomyocytes at a low frequency
through cell fusion, but not transdifferentiation. Nat Med. 2004;10:
494 –501.
99. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO,
Pfeffer K, Lois C, Morrison SJ, Alvarez-Buylla A. Fusion of bonemarrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature. 2003;425:968 –973.
100. Kajstura J, Rota M, Whang B, Cascapera S, Hosoda T, Bearzi C,
Nurzynska D, Kasahara H, Zias E, Bonafe M, Nadal-Ginard B, Torella
D, Nascimbene A, Quaini F, Urbanek K, Leri A, Anversa P. Bone
marrow cells differentiate in cardiac cell lineages after infarction independently of cell fusion. Circ Res. 2005;96:127–137.
101. Mirotsou M, Jayawardena TM, Schmeckpeper J, Gnecchi M, Dzau VJ.
Paracrine mechanisms of stem cell reparative and regenerative actions in
the heart. J Mol Cell Cardiol. In press.
102. Wollert KC, Drexler H. Clinical applications of stem cells for the heart.
Circ Res. 2005;96:151–163.
103. Assmus B, Tonn T, Seeger FH, Yoon CH, Leistner D, Klotsche J,
Schachinger V, Seifried E, Zeiher AM, Dimmeler S. Red blood cell
contamination of the final cell product impairs the efficacy of
autologous bone marrow mononuclear cell therapy. J Am Coll Cardiol.
2010;55:1385–1394.
104. Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M, Egeland T,
Endresen K, Ilebekk A, Mangschau A, Fjeld JG, Smith HJ, Taraldsrud
E, Grogaard HK, Bjornerheim R, Brekke M, Muller C, Hopp E, Ragnarsson A, Brinchmann JE, Forfang K. Intracoronary injection of mononuclear bone marrow cells in acute myocardial infarction. N Engl J Med.
2006;355:1199 –1209.
105. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R,
Holschermann H, Yu J, Corti R, Mathey DG, Hamm CW, Suselbeck T,
Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary bone
marrow-derived progenitor cells in acute myocardial infarction. N Engl
J Med. 2006;355:1210 –1221.
106. Schwartz RS. The politics and promise of stem-cell research. N Engl
J Med. 2006;355:1189 –1191.

Downloaded from circres.ahajournals.org at King's College London on March 2, 2011

