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Abstract
The concept of cell-based therapy has been advocated as a novel approach for treating diseases or
conditions where regeneration of cells, tissue and/or potentially organs is required. A promising
source for cell-replacement therapies is provided by stem cells, but the success of this approach will
ultimately rely on the ability to isolate primary stem or progenitor cells. Cell-surface protein markers
will play a critical role in this step. Current methodologies for the identification of cell-surface protein
markers rely primarily on antibody availability and flow cytometry, but many cell-surface proteins
remain undetectable. Proteomic technologies now offer the possibility to specifically identify and
investigate the cell-surface subproteome in a quantitative and discovery-driven manner. Once a cell
surface protein marker panel has been identified by MS and the antibodies become available, the
panel should permit the identification, tracking, and/or isolation of stem or progenitor cells that may
be appropriate for therapeutics. This review provides a context for the use of proteomics in
discovering new cell-surface markers for stem cells.
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1 Introduction
1.1 Stem cells and their potential role in therapeutics

One of the most critical problems in transplantation medicine is the lack of suitable donor
organs or tissues. In the case of intractable diseases like Parkinsonism, diabetes and spinal
injury, the problems are even greater, since there are no readily available therapies capable of
curing these syndromes. For these reasons, the concept of cell-replacement or cell-supplement
therapy has been advocated as a novel therapeutic approach. Importantly, treatments to replace,
repair or enhance the biological function of damaged tissue or organs through cell-
transplantation/replacement therapy have proven successful in the case of a few syndromes,
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the best examples of which are bone marrow transplantations for the treatment of leukemia
after myeloablative therapies, breast cancer, or congenital immunodeficiencies, and cultured
epidermal autographs in the case of severe burns (reviewed in [1-5]). The ability to isolate,
cultivate, multiply and manipulate these cells for therapeutics has, however, either limited or
encouraged their use [1,2,6]. Currently, only allogeneic or matched donor-derived stem cells
have been routinely used in human cell-grafting therapies, thus confirming that one of the best
potential sources for cell-replacement therapies is stem cells.

A stem cell is unique in that it has the ability to self-renew indefinitely and to differentiate into
specialized cells under appropriate physiological or experimental conditions. In fact, a cell’s
ability to self-renew and differentiate into as few as one or even many specialized cell types is
the functional basis for defining a stem cell. Two types of stem cells, embryonic and adult
(tissue specific or cord blood) have been classified. Embryonic stem (ES) cells derived from
the pre-implantation blastocyst can give rise to all cells of an embryo proper, including the
germ line. Because of this robust developmental potential, the introduction of undifferentiated
ES cells into an inappropriate environment can lead to the formation of teratomas, which
therapeutically is unacceptable. ES cells may, however, have therapeutic potential if more
committed cells (stem or otherwise) without tumorogeneic potential can be identified. The key
will be to isolate these cells from the heterogeneous cultures that usually are generated with
ES cell differentiation. Adult stem cells, in contrast, are generally believed to be much more
restricted in their potential and generally have a lower tumorogeneic potential. For example,
several types of stem cells are present in the bone marrow, including hematopoietic stem cells
(HSC) and mesenchymal stem cells (MSC). Importantly, only primary isolates of long-term
repopulating HSC can fully reconstitute the hematopoietic system of a myeloablated host. MSC
in contrast [7,8] readily form chondrocytes, adipocytes and osteocytes and are expandable in
vitro. Despite their potential heterogeneity, MSC have been employed in early clinical studies,
including some designed to treat human myocardial infarctions (MI) [9]. Similarly, the
hematopoietic stem cell marker for c-Kit1 has been used to isolate putative stem cells from
heart, which appear to have reparative capacities. Although some evidence has been presented
to suggest that both MSC and c-Kit1 heart cells may form functional cardiac myocytes in
vivo, many of the reparative effects seem to be linked more with either anti-inflammatory
effects or their potential to produce local paracrine factors. Numerous other types of stem cells
are also found in tissues throughout the body in brain, skin, muscle, gut, liver, and all of these
stem cells have different properties and unique differentiation capabilities that are affected by
their microenvironment, commitment and origin [10,11].

Moreover, recent studies have challenged the dogma that adult stem cells are restricted to the
generation of only the type of cells present in the tissue where they reside. In fact, a number
of groups have reported that adult stem cells have a greater differentiation potential than
previously thought (i.e. these cells could be coaxed to differentiate into cells not normally
associated with their ‘committed’ state) [12]. Examples include HSC that reputedly develop
into neural, myogenic and hepatic cell types; neural or skeletal muscle stem cells that develop
into the hematopoietic lineage [12-18]; and stromal stem cells that differentiated into cardiac
muscle cells (myocytes) [19]. The reputed trans-differentiation potential and increased
developmental potential of most of these adult stem cells has, however, been challenged
[20-23]. Their altered differentiation potential has been attributed to be at least partly a
consequence of culture conditions [24,25], which may have led to epigenetic changes, cell
contaminations, cell fusion events [26,27], and even transformation events. Cells put in culture
for several passages before transplant, therefore, may have changed their original properties
[28], and as such may not be apt for any therapeutic applications. What is lacking, is a clear
set of markers that can be employed to identify and isolate to homogeneity primary isolates of
adult stem cells (i.e. cells that have not been cultured).The need for surface markers is essential
for the study of stem cell research and their potential therapeutic use. The focus of this review
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is to discuss proteomic approaches that are particularly well suited to identifying new protein
markers on the surface of stem cells. This specialized topic cannot be adequately addressed by
more-global reviews that focus on whole-proteome analyses. Instead, we will outline those
methods that are most appropriate for the discovery of new cell-surface protein markers and
the need for further technology development. We will conclude by outlining a workflow that
should prove valuable for the development of validated protein marker panels.

1.2 Stem cells and the need for cell-surface protein markers
Practically, it has proven difficult to definitively discern stem and progenitor cells with
therapeutic potential from other cells with in vitro differentiation potential, including some that
may have undergone transformation or epigenetic modifications. In the most conservative case,
stem cells need to be defined as single cells that are clonal precursors of more stem cells of the
same type as well as differentiated progeny [3,4]. Accordingly, only when stem or progenitor
cells have been purified to homogeneity as a primary isolate can one know with certainty that
the generation of expected (or unexpected) progeny is a property of a known cell type, barring
culturing issues, of course. Based on these stringent criteria, only rarely have stem cells been
identified as clonogenic precursors (e.g. long-term repopulating HSC) that include in their
progeny both self-renewed stem cells and differentiated progeny.

One question is how to isolate a single primary cell that can be defined as an authentic stem
cell or progenitor cell and reintroduced into a tissue/organ without passaging in tissue culture.
One approach, and the topic of this review, involves the identification of specific protein
markers found on the cell surface (Fig. 1). Although the list of known stem cell markers
(compiled at http://stemcells.nih.gov/info/scireport/appendixe, for example) contains both
cell-surface and intracellular markers, antibody availability and accessibility determines
whether they are suitable for isolating and sorting defined populations. While cell-surface
markers can include proteins, lipids, and carbohydrates, for example, proteomics focuses on
identifying the proteins and their potential modifications. Cells generally express distinct
assortments of proteins and lipids on their plasma membrane (PM), including those commonly
known as CD molecules (for cluster of differentiation) [29]. The presence of the antigens or
other proteins may reflect either unique stages of lineage-specific differentiation or different
states of activation or inactivation. These cell-surface protein markers can be used to distinguish
different types of cells (see example of HSC discussed below). Because the populations of
cells, or their derivatives, sorted by surface markers are most often heterogeneous [30], they
could include cells that are true, long-term self-renewing stem cells, shorter-term progenitors,
and/or some non-stem cells. Therefore, a functional assay is necessary to confirm their
authenticity. To date, no single marker has thus far proved sufficient to unambiguously define
an authentic stem cell or a unique stem-cell function. The goal, therefore, is to ultimately
correlate the function of a pure population of stem cells with a panel of defined cell-surface
protein markers. Thus, when the functional assays have been adequately tested, the use of a
well-defined panel of markers for positive and negative selection can be employed to identify
authentic stem cell populations that have therapeutic potential. This concept proved highly
effective in the case of primary bone marrow-derived HSC, which are composed of long-term
and shortterm repopulating cells and myeloid and lymphoid progenitors. Importantly, only the
long-term repopulating HSC, which display a unique set of markers (Murine: cKit+, Sca1+,
Lin-; Human: CD34+Thy-1+Lin-), correspond to the authentic HSC that are suitable for long-
term replacement therapy [31,32]. Regrettably, very few other stem cells have been adequately
defined by markers for therapeutic interventions, in part due to the challenges in identifying
new potential protein markers.

Thus, there is an urgent need for the identification of unique sets of cell-surface protein markers
that can be employed to identify and purify to homogeneity stem and progenitor cells from the

Gundry et al. Page 3

Proteomics Clin Appl. Author manuscript; available in PMC 2009 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://stemcells.nih.gov/info/scireport/appendixe


person/model in question. Although it is possible to use techniques such as flow cytometry,
antibody arrays, and microscopy to probe for known proteins on the cell surface in discrete
populations (Fig. 2), these methodologies require the use of specific antibodies and as such are
knowledge-driven. The quantitative proteomic approach that we describe here is, however,
discovery-driven. One advantage of this approach is that it does not require a priori knowledge
of the proteins on the cell surface or antibodies in order to discover new protein markers that
are present. MS-based proteomics enables the identification of cell-surface proteins within a
specific sub-proteome, and the identification of regulatory PTM, such as protein
phosphorylation sites, which cannot be detected in gene microarrays [33]. However, gene
microarrays are an invaluable tool for the definition of a range of active genes, which must be
considered in order to understand stem cells and their differentiation potential [34,35].
Ultimately, knowledge about the cell-surface proteome in combination with gene-expression
signatures should allow for the discovery of cell-surface protein markers, and aid in
understanding the biology, regulation, and development of stem cells. In other words,
understanding the cell-surface subproteome will enhance our understanding of which signals
can be processed by stem cells (e.g. signaling controls of self-renewal [36-38]).

1.3 Challenges to identifying new cell-surface markers
Cell-surface markers are a class of PM proteins that are able to respond to or sense the
environment around the cell and contain an extracellular domain, which has the benefit of being
available for detection by an antibody. The relatively small number of available CD cell-surface
markers (∼350) [29], compared to the number of predicted human transmembrane (∼13 000)
[39,40] and PM proteins (∼2700) [40](see Fig. 3) illustrates the gap between the currently
available cell-surface markers vs. potential markers.

Currently, using classical biochemical cell fractionation techniques, it is difficult to obtain
purified PM proteins without contamination from membranes from other intracellular
organelles, such as the nucleus, mitochondria, ER, Golgi, and lysosome, for example.
Furthermore, the difficulty in obtaining sufficient quantities of low-abundance membrane
proteins for subsequent proteomic protein identification purposes is magnified when
membrane purity is not optimal. Finally, since solubilizing the entire PM protein is difficult
due to the hydrophobic nature of the transmembrane domain, common proteomic approaches
to identifying PM proteins are peptide-centric approaches and rely on identification of the
soluble portions of the PM proteins. In addition to challenges related to the properties of the
cell-surface proteins themselves, there are other limitations for cell-surface proteomics.

The major advantage of using quantitative proteomics in a search for new stem cell-surface
markers is due to its ability to establish the presence of a particular protein in a specific location
without the use of an antibody. Quantitative proteomics, thus, will be useful in helping to bridge
the gap and identify novel cell-surface protein markers, eventually as panels of new cell
differentiation markers. In this way, the lack of a specific antibody does not limit the potential
to identify a particular protein of interest. However, the cell surface is in constant flux as the
cell senses and responds to its environment, yet currently available quantitative proteomic
methods can reveal only ‘snapshots’ of the cell surface in a population of cells. Single-cell
surface proteomics is not on the horizon yet. Therefore, complementary methods must also be
included for the dynamic state analysis of the cell surface on single cells. Current proteomic
technologies require relatively high cell numbers and will yield “averaged” information about
the proteins expressed in a population of cells. Thus, rare events such as those on only a few
cells within a larger population are not detected by today’s quantitative proteomic workflows
and cannot be followed in short time intervals. Consequently, for the functional validation and
tracking of cell-surface proteins in single cells of heterogeneous primary cell populations,
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antibodies are needed that can recognize these newly MS-identified cell-surface proteins, and
eventually their PTM.

2 Proteomic discovery methods
2.1 Enrichment methods - shrinking the haystack

Proteomics has evolved tremendously during the past 10 years. Much of the progress is due to
technological advances in MS and chromatographic separations of peptides and proteins.
However, in recent years, the field is also advancing due to inventive methods for carrying out
proteomics studies that target a specific subset or class of proteins. Proteomic approaches that
employ enrichment methods have developed out of necessity, due to the realization that the
dynamic range of protein concentrations and proteome complexity eliminate the possibility of
finding all proteins within a proteome by using global approaches with current MS technology.
By enriching for the protein class of interest based on a particular chemical/physical
characteristic(s), these focused proteomics approaches offer the advantage of reducing sample
complexity and access to lower abundance proteins in a discovery-driven experimental
approach. In particular, PM proteins are inherently difficult to solubilize and, therefore, they
may be under-represented when analyzed in conjunction with more soluble proteins in
proteomic workflows. Thus, by enriching for PM proteins early on in the proteomic workflow,
one can eliminate the bias towards more soluble proteins. Additionally, the enrichment will
reduce the amount of protein or peptide separation required, and therefore, reduce the potential
protein loss associated with such strategies. Recently published proteomic approaches for the
discovery of new stem cell-surface proteins that are reviewed here are summarized in Table 1.

2.1.1 Physical approaches for PM protein enrichment—Subcellular fractionation
techniques that employ a combination of centrifugation steps are a common choice for
preparing PM-enriched fractions including detergent-resistant membrane fractions (DRM),
commonly known as lipid rafts (also known as cell-membrane rafts). These methods can offer
a significant improvement in specificity for PM proteins over approaches that do not perform
any subcellular fractionation, but rather use whole-cell or tissue preparations. An approach that
used a single-step centrifugation to separate the cell lysate of human MSC from umbilical cord
blood into water-soluble and water-insoluble fractions identified 35 proteins as shared between
two different MSC populations, including two that were classified as cell-surface proteins
[41]. Methods that more specifically enrich for the PM typically achieve a higher percentage
of PM proteins. For example, Foster et al. [42] compared hMSC-TERT cells before and after
induction of osteoblast lineage commitment by using a traditional differential centrifugation
strategy. The resulting membrane pellet was enzymatically digested followed by LC-MS/MS.
Changes in relative protein abundance were defined by peptide ion volumes and gene
quantitation was performed by RT-PCR. Of the 463 proteins identified by at least two unique
peptides in two out of three analyses, 26% were integral membrane proteins, 5% were
membrane-anchored, 34% membrane-interacting, and 5% were mitochondrial proteins, as
classified in UniProt and Gene Ontology references. Importantly, all known protein markers
for MSC were found, most of which are CD molecules. Another quantitative proteomics study
used a traditional differential centrifugation strategy to compare proteins in natural killer (NK)
cells derived from umbilical cord blood stem cells vs. adult NK cells [43]. The membrane pellet
was enzymatically digested and labeled with iTRAQ reagent and subsequently analyzed by 2-
D LC-MS/MS. The experiment was performed in triplicate and proteins were identified by at
least two unique peptides with quantitation requiring three peptides. The number of proteins
identified among the three experiments spanned 129 to 325, with 33% involved in cell
adhesion, trafficking, or signaling, as defined by the PANTHER ontology classification. The
iTRAQ quantitation data were confirmed using Western blot analysis for some proteins, and
FACS for several CD molecules.
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In addition to examining the whole PM, approaches that examine the lipid raft portion of the
PM may offer complementary information and provide understanding of cell localization and/
or trafficking. A study by Osterhues et al. [44] compared multipotent CD34- cells to a
transfected cell line characterized by malignant transformation and tumor growth, in order to
differentiate stem cells from experimental leukemia cells. Lipid rafts of both cell types were
isolated and subsequently separated by 1-D and 2-DE SDS-PAGE followed by MALDI-TOF/
TOF. Five proteins (caveolin-1, flotillin-1, vimentin, GAPDH, and galectin-3) were identified
as being differentially expressed. Unfortunately, for cell-surface protein marker studies, while
these proteins are associated with the lipid raft, none of these proteins contains extracellular
domains. Two other methods that employ physical sub-fractionation are worth mentioning
here, though to date there are no publications that employ them to study stem cells. The method
of using high pH to induce beta sheet formation, followed by proteinase K digestion might be
of interest for identifying integral membrane proteins [45], though may have limited use for
identifying cell-surface markers. Additionally, the use of colloidal silica [46-50] to physically
enrich for the PM is appealing because of its ability to use a lower number of cells and primary
tissue. This may be of particular interest whether looking for native stem cells in adult tissue
or in vitro studies using a small number of cultured cells.

There are several reasons why most of the current literature using proteomics does not discuss
the identification of unknown cell-surface proteins. The term ‘unknown’ can refer to the fact
that there is no evidence for its existence at the protein level, or that that the protein is known
protein, but has not been previously shown to be on the cell surface. First, a majority of the
MS methods described above do not allow for the unambiguous determination of whether the
membrane proteins identified are truly on the cell surface. Typically, the information regarding
subcellular localization included in proteomics datasets are annotated by cross-referencing the
protein sequences to available protein and gene ontology databases. In this case, the evidence
for a protein being localized to the cell surface is thus based on anecdotal annotations (which
may be cross-referenced to primary literature sources), not based on first-hand experimental
evidence obtained via the MS. Consequently, by relying only on what is known, this approach
limits the possibility of finding new information. It is for these reasons that chemical-tagging
approaches are becoming more desirable, as information regarding the true localization to the
cell surface can be gained experimentally, independently of information in the databases.

2.1.2 Chemical-tagging approaches for PM protein enrichment—Chemical-tagging
methods (for review see [50]) have been a more recently applied technique used to enrich for
PM proteins and are often used in conjunction with physical separation strategies like those
discussed above. Chemical tagging, in general, allows for a specific class of protein or
modification of interest to be physically separated from other, non-tagged proteins.
Importantly, when chemical tags are attached to the extracellular domain of PM proteins on
intact cells, they offer an unrivaled specificity for PM proteins, because they offer a manner
to distinguish true PM proteins from intracellular contaminants that are typically present due
to the inability to obtain an absolutely pure PM isolation by subcellular fractionation methods.
Cell-surface biotinylation, the covalent attachment of a biotin tag to the extracellular domain
of PM proteins, is a popular choice [51-55]. Biotin can be coupled either via a cleavable or
non-cleavable sulfo-NHS ester to primary amine groups, on proteins for example. The
specificity of the labeling procedure for PM proteins depends on the concentration of the
labeling reagent used, the cell type, the temperature of the reaction and the duration of the
labeling. It is essential that a viable population of cells with intact membranes be used as any
membrane permeability of the reagent in combination with necrotic and/or apoptotic cells can
lead to the tagging of unwanted intracellular proteins. The choice of biotinylation reagent (size,
charge and hydrophobicity) used is also important, as the cleavable di-sulfide bridge containing
sufo-NHS biotin has been reported to be more specific for cell-surface proteins compared to
the non-cleavable reagent [55].
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Such cell-surface biotinylation has been used to study mouse ES cell (cell line D3) PM proteins
[56]. The labeled membrane proteins were enriched using centrifugation followed by acetone
precipitation. Following enzymatic digestion, the biotinylated peptides were captured using
avidin chromatography and subsequently analyzed by 2-D LC-MS/MS. Combining data from
two experiments yielded 965 biotinylated peptides resulting in the identification of 324
proteins, 47% of which were identified by multiple peptides. Of these 324 proteins, 200 (62%)
were classified as integral membrane proteins based on the SOSUI algorithm (for description
of algorithm see [57]) and the number of transmembrane domains per protein ranged from
1-13. Included in the identified proteins were 59 CD molecules. Cell-surface biotinylation has
also been combined with fluorescent dye labeling (CyDye) to facilitate the discrimination of
true PM proteins from intracellular contaminants in a study to compare adult vascular smooth
muscle cells to ESC-derived smooth muscle cells [58]. Following lysis of the labeled cells,
cellular debris was removed by low-speed centrifugation. Labeled proteins were captured from
the clarified cell lysate using avidin chromatography and subsequently eluted and separated
by 1-D SDS-PAGE prior to digestion and LC-MS/ MS. In total, 228 proteins were identified
by multiple peptides, with 6% classified as membrane proteins, 23% membrane-associated, as
defined in the Swiss-Prot database.

2.2 Glycoprotein enrichment methods - a sweet source for stem cell-surface markers?
Approximately half of all proteins [59] and a majority of animal cell PM proteins are predicted
glycoproteins [60]. Cell-surface glycoproteins have important roles in cell adhesion, signaling,
and immune recognition, among others (for examples see reviews [61,62]), and
glycoconjugates have already been shown to be markers for stem cells (for examples see
reviews [63,64]). It is important for the study of cell-surface glycoproteins to extend beyond
identifying the proteins themselves, further to establish the glycosylation site and eventually
the structure of the glycan (glycomics). The occupancy of potential glycosylation sites on the
extracellular domain will be important for antigen design and antibody development if new
protein markers are found for which there are no available antibodies, as it may influence
antibody binding and thus epitope selection. Secondly, the glycan structure itself and/or the
occupancy of the glycosylation site can be biologically important [65-67]. Thirdly, knowledge
of occupied glycosylation sites may help to identify the orientation of the protein in the
membrane, if unknown, or otherwise help to confirm topology predictions. Several studies on
stem cell glycoproteins have been published, and because the topic is especially relevant for a
discussion of cell-surface proteins, it is being included here. In two reports by Wearne et al.
[68,69], cell-surface glycans present on BG01 hESC that had been differentiated for 12 days
as embryoid bodies (EB) and the changes in the carbohydrates that occur between 12-28 days
of differentiation as EB were analyzed using fluorescence microscopy with fluorescein-labeled
lectins and antibodies specific for carbohydrate epitopes. In another study, MALDI-TOF MS
profiling, NMR structural analysis, and lectin-based flow cytometry were used to compare the
N-glycan structures of cord blood-derived CD133+ and CD133- cells [70]. The results were
correlated to gene expression analysis of glycosyltransferases and glycosidases. Bi-antennary
complex-type and high-mannose type glycans were found to be increased in CD133+ cells.

2.2.1 Cell-surface capturing technology—To overcome problems in identifying low-
abundance proteins and peptides in complex mixtures via MS, several groups, including ours,
have recently focused on a method for the selective chemical isolation of glycosylated proteins.
A method developed by Zhang et al. [71] is based on the observation that many interesting
plasma proteins are glycosylated [72-74]. The method is designed to provide a selective
analysis of N-glycopeptides and has proven to be highly specific, and has led to an increased
sensitivity for lower abundance serum proteins due to the reduction in sample complexity
[71]. Since most cell-surface proteins, and potentially secreted proteins, can also be
glycosylated, we further developed this technology for the selective detection of cell-surface
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glycoproteins. Initial results from the cell-surface capturing technology (CSC-technology)
have yielded an unparalleled degree of specificity for the detection of low-abundance lipid raft-
associated and PM proteins (Dr. Bernd Wollscheid, unpublished observations). Cell-surface
proteins isolated from model cell lines via the CSC-technology were consistently identified by
MS with less than 15% contamination from intracellular and non-glycosylated peptides/
proteins. The CSC-technology overcomes inherent problems in analyzing PM proteins by the
selective chemical tagging of glycoproteins, high-affinity enrichment and gel-free LC-MS/MS
analysis of peptides derived from PM proteins.

2.3 Quantitative membrane proteomics
Classification of cell types, including stem cells, will be dependent not only on the set of cell-
surface expressed proteins, but also on their individual cell-surface copy number. Therefore,
it will be important to identify novel cell-surface proteins via MS as well as to quantify and
compare their abundance on the cell surface throughout different developmental stages. MS
technology is capable of relative and absolute quantification of proteins [75]. Relative and
absolute quantitative proteomic technologies (MRM [76], label-free [77], SILAC [78], iTRAQ
[79], ICAT [80]) are key technologies, which should be included into iterative proteomic
workflows that are designed to identify markers useful for the classification of stem cells. While
a thorough discussion of quantitative proteomics is outside the scope of this review, readers
are encouraged to refer to an excellent review on quantitative MS in proteomics that was
recently published by Bantscheff et al. [81].

3 Validation of stem cell-surface markers
Quantitative proteomics can be used in a discovery-based manner to identify new potential
stem cell-surface protein markers. In order to validate the usefulness of any potential cell-
surface markers (whether protein, lipid, carbohydrate, etc.), the candidate markers will then
need to enter into an iterative cycle of validation and discovery (Fig. 4), which includes
techniques other than proteomics. An essential question is how specific is the cell-surface
protein marker, and separately, is the marker restricted to stem/progenitor cells or does it show
lineage restrictions. To address these questions, an antibody that reacts with the antigen will
have to be generated or obtained. Thus, it is essential that the proteomic efforts for discovering
the candidate protein markers provide as much characterization as possible about the protein,
so that epitope selection is efficient. This will aid in the development of antibodies with
sufficient specificity, which is typically labor and time intensive. Secondarily and if not already
established, it is essential to determine if the marker is quantitatively more or less abundant on
original stem/progenitor cells relative to other cells. A variety of techniques is available for
this, but the use of genomic and proteomic databases are a good place to begin. Once this has
been established, it is critical to determine if the marker(s) is present on a subpopulation of
cells present in vivo, particularly if the starting population of stem/progenitor cells involved
in vitro cultivation. In vitro cultivation can lead to changes (epigenetic) or even abnormalities
(transformations) in the cell’s properties. An in vivo correlate must therefore be found using
immunostaining and/or flow cytometry. If the latter is successful, then fluorescence-activated
cell sorting (FACS) or analogous techniques can be used to isolate antigen-presenting cells.
Once the cells are isolated and characterized by a variety of potential in vitro assays (colony
forming, proliferation, differentiation), it will then be possible to determine if the isolated cells
can self-renew and differentiate (i.e. are really stem cells). Finally, the cells should be tested
for therapeutic functionality in animal models. Primary isolates (but ideally with a marker gene)
need to be introduced into an appropriate animal models (injury models and testing for repair,
transgenic models with gene deletions) to ensure that they function like stem cells (i.e.
participate in chimera formation, integrate into appropriate niche, or differentiate into the
appropriate progeny). The ability of the isolated cells to self-renew and produced known (and

Gundry et al. Page 8

Proteomics Clin Appl. Author manuscript; available in PMC 2009 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unknown) progeny in vivo can then be verified, thus setting the stage for eventual therapeutic
trials.

It is through this rigorous process that stem cell-surface protein markers identified in the
discovery phase become bona fide markers for future research or clinical applications.
Ultimately, a panel of antibodies will be necessary to isolate cells to homogeneity that have a
specific differentiation/developmental potential. It should then be possible to isolate resident
stem or progenitor cells that are neither tumorogenic nor immunologically incompatible with
a host. Once achieved, then specific types of stem cells my be available to improve motion or
appendage movement in spinal cord injuries, improve function and ejection fraction in heart
failure or after injury (myocardial infarction), or improve insulin responsiveness and
normalization of glucose levels in diabetes. It is likely that the process from initial discovery
to final validation will involve numerous iterations to arrive at a suitable panel of negative and
positive selection markers and their respective antibodies. While this process is perhaps rather
time consuming, it currently holds the best hope for identifying and isolating primary stem/
progenitor cells capable of treating intractable diseases without inadvertent complications.

4 Conclusions
In conclusion, we have discussed proteomics as a tool for discovering new cell-surface protein
candidates for antibody development within the context of a larger, iterative process that
includes alternating between discovery and validation stages in order to define stem cell
markers. The role of proteomics is threefold: to identify, quantify, and localize cell-surface
proteins of interest. There are presently a number of excellent reviews that discuss various
proteomic methods used for analyzing PM proteins [82-84] and lipid rafts [85]. Additionally,
there are several recent comprehensive reviews on proteomics methods used for characterizing
stem cells in general [86-88], but they do not specifically focus on discovering new cell-surface
protein markers. Readers are encouraged to consider these reviews as a complement to the
current review, which focuses specifically on proteomics methods that are especially suited
for characterizing the cell-surface proteome with emphasis on the discovery of proteins that
can serve as cell-surface markers for stem cell research. This review does not include a large
number of publications that present proteomics studies of few/single known cell-surface
proteins, but rather is limited to methods amenable for large-scale screening to identify new
protein targets of interest. The limited number of publications that use proteomics for the
discovery of new stem cell-surface protein markers highlights the need for novel quantitative
proteomics methods that are designed to use fewer cells and are more specific for discovering
bona fide novel cell-surface protein markers, to be established. MS technology is evolving fast
and it can be expected that the increased sensitivity of the next generation of mass
spectrometers, coupled to intelligent sample preparation workflows, will allow for
experimental strategies with fewer cells required as starting material. It is clear that the amount
of cells needed for current proteomic workflows is critical and sometimes limiting.
Nevertheless, selected reaction monitoring (SRM) and multiple reaction monitoring (MRM)
style experiments already allow for the identification of known peptides in the range of below
100 copies per Escherichia coli cell (Dr. Paola Picotti, unpublished observations). Finally, we
have outlined an iterative approach towards the classification and isolation of stem cells
required for clinical stem cell therapy using cell-surface protein markers. When integrated into
existing stem cell research strategies, proteomics offers a new avenue of investigation towards
the molecular understanding of stem cell renewal and differentiation by scratching the surface
of the cell.
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Figure 1.
Known stem cell markers. All known stem cell markers listed at
http://stemcells.nih.gov/info/scireport/appendixe were classified as either intracellular,
extracellular, or cell surface based upon UniProt/Swiss-Prot annotation.
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Figure 2.
Technologies for the identification of cell-surface markers. Knowledge-driven methods seek
to determine whether known proteins can be used as markers, while discovery-driven
approaches seek to identify new proteins.
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Figure 3.
Current coverage of potential cell-surface markers.
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Figure 4.
Roadmap to identifying and validating stem cell surface markers. Iterative process of discovery
and validation required to define a panel of positive and negative selection markers useful in
defining stem cells and purifying homogeneous cell populations.
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