J. Wang et al.

International Journal of Biomedical and Health Scémn 0794-4748/2012 $5.00 + 0.00
Vol. 8, No. 4, December 31, 2012 © 2012 African Studies on Population and Health
Printed in Nigeria http://www.asopah.org

[JBHS 2012153/8404

Proteomic studies of stem cells*

Jianlong Wanly Jennifer J. TrowbriddeSridhar Raf Stuart H. Orkif®

1Division of Hematology-Oncology, Children's Hogpiand the Dana Farber Cancer Institute, Harvardidéé
School, Harvard Stem Cell Institute
“Howard Hughes Medical Institute, Boston, Mass. GWUSA

ABSTRACT: Stem cells of both embryonic and adulyims hold great promise in regenerative mediciweng
to their unique properties of unlimited self renéwad differentiation toward specific lineage(s)centhey
receive the proper signals. Proteomics is a safggchnology platforms driven by advancements assn
spectrometry and bioinformatics that encompassepratlentification, the relative quantitation ofopgins and
peptides, their subcellular localization, and stsdbf post-translational modifications and protgiatein
interactions. Stem cell biology has been influenbgdhese approaches and has evolved in the pastiges
era. Among many challenges in stem cell biologgrdhs a pressing need for the implementation ofggmic
applications. Recent work on stem cells using jnoies has shown that transcriptome analyses fatdwide
a full guide to developmental change in stem cellsg protein interactions that can only be disceder
systematically using proteomic approaches havedgtklimportant new concepts on processes regulating
development and stem cell pluripotency. In thispteg we will review current proteomic studies anbeyonic
and adult stem cells with an emphasis on embrystein cells.

1. Introduction
1.1. Stem cellsand proteomics

Stem cells of any type are defined by twdinkds$ properties. The first is indefinite self-
renewal, a feature that provides for maintenance tissue and/or organism for an extended
period of time. The second is the ability to diffietiate into a number of different daughter
cell types, unlike non-stem cells that are commitie a single lineage. Adult somatic stem
cells are found in the majority of organs and tssin adult organisms, and are thought to
function in long-term tissue maintenance and/oriredn contrast, embryonic stem cells
(ESCs) are derived from embryos and are uniquldin ability to be maintainegh vitro in a
pluripotent statei.e., capable of recapitulating all three germ layerd an entire organism.
Both adult and embryonic stem cells have providstirett challenges for analysis. Adult
stem cells tend to be rare, difficult to purifyraaintain in culture. For this reason, adult stem
cells have provided a greater technical challelngdairge-scale transcriptome and proteome
analyses. ESCs, by contrast, are readily growrargel numbers in culture, and have been
utilized for extensive analysis by transcriptiopedfiling and other genome wide techniques.

*This article was reproduced, with permission, fr&emBook, edited by Kevin Eggan and George Dalég Stem Cell
Research Community, StemBook, doi/10.3824/stembdik 1l,. http://www.stembook.org. This is an open-ascarticle
distributed under the terms of the Creative Commstisbution License, which permits unrestricted udestribution, and
reproduction in any medium, provided the originakkvis properly cited.
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In addition, ESCs are easily manipulateditro, making them ideal tools for probing
stem cells properties and characteristics usingde wariety of techniques. In the current
post-genomic era, in which transcriptome mappingpguONA microarray technology is
commonplace (lvanovat al., 2002; Ramalho-Santost al., 2002), consideration of the
transcriptome alone offers an incomplete and biasedpretation of the underlying stem cell
biology (Evsikov and Solter, 2003: Forturetlal., 2003). Inherent problems associated with
such a transcriptional profiling approach includstf the analysis is obviously limited to
genes present on the microarray, and it is pos#ialethere are "stemness" genes that have
not yet been identified and are not representethénchips used; second, changes at the
MRNA level may not be proportional to changes iot@n expression (Gygat al., 1999a);
third, protein complex formation, numerous posts$tational modifications (PTMs) and
protein degradation greatly impact protein-prot@ma protein-DNA interactions, making the
functional output of these systems virtually impbkesto predict based solely upon gene
expression and/or genomic data.

The term “proteome” was originally coined byilkds et al. (Wilkins et al., 1996) to
describe the total set of proteins expressed inengopulationa.k.a. cell, tissue, organelle,
organism, or pathological state. The term “protexhirefers to a set of techniques well
suited to identify proteomes, but has been broatidneinclude large-scale techniques
capable of identifying proteins, and analyzing btthir structures and their functions at a
genome wide level. Proteomics encompasses a witktywaf techniques, ranging from yeast
two-hybrid screens for identifying protein-protemeractions (Ruaét al., 2005), antibody-
based protein chips for identifying proteins (MaaBe 2002), and high throughput
crystallography screens (Steveetsal., 2001) to provide structural analysis. All of ske
techniques (see summary in Figure 1) provide iralgki insights into the proteome and its
function in a cell, but perhaps the most widellized group of techniques center around
mass spectrometry (MS), which will be further dissed below (also reviewed in Aebersold
and Mann (2003) and Cravattal. (2007)).

Advantages and disadvantages of the varioubkadse that have been used in proteomic
profiing and protein interactome mapping are hged. A. Two dimensional
electrophoresis (2-DE) followed by mass spectroym@tS) analysis has been widely used to
compare various populations of stem cells to mafeerdntiated cell typesB. iTRAQ
(isobaric tags for relative and absolute quantiitcg and ICAT (isotope coded affinity tags)
are two chemical labeling approaches that have bsed prior to tandem mass spectrometry
(MS/MS) analysis in comparison of purified steml galpulationsC. SILAC (stable isotope
labeling with amino acids in culture) is a metabaddibeling approach that has been used in
proteomic profiling and quantitative phosphoproteomstudies. D. Affinity-based
purification of protein complexes followed by MS/M&halysis has been widely used in
protein interactome studie§€. The use of functional protein arrays is a verynmging
approach that has predominantly been utilized asyprotein interactome studies.

1.2. Mass spectrometry (M S)-based platformsfor proteomic research

MS functions by ionizing relatively small moldes and then measuring their mass to
charge ratiorfVz). While traditional MS itself is capable of idefigthg the mass of a highly
purified small molecules, it can do little else hvinore complicated molecules (such as
peptides) or mixtures of samples. To further inseethe range of substances that can be
identified by MS, two can be combined in tandenmnfied MS/MS) in which a peptide first
has its molecular mass measured (in MS1) and théombarded with electro-neutral gases
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to cause fragmentation. Thez ratios of these resulting smaller fragments aea thheasured

in the second analyzer (MS2), and following compuatealysis the amino acid sequence of
the peptide can be determined (see Figure 2). Thiusially any single peptide, in a
relatively purified state can be identified usirapdem MS. For the analysis of a whole
protein, or even multiple proteins, further mangiidns are needed to purify the mixture to
reduce the complexity of any specific input inte S. This is usually accomplished first by
purifying a sample by simple SDS-PAGE electrophigraad subsequent excision of relevant
band(s) or a whole lane of a gel which is then broflown into smaller fragments. These gel
fragments are then digesteu situ with a protease (typically trypsin) and the peggichre
recovered. To further fractionate the specimenrgoanalysis by MS, the samples undergo
either single dimensional liquid chromatography (ltgpically a reverse-phase LC which
separates based upon hydrophobicity), or multidsimeral (LC/LC), with the choice based
upon the complexity of the initial sample. Subseque LC or LC/LC but prior to
application to the mass analyzer, the peptidesasieed, usually by electrospray ionization
in which a potential is applied across a fine nedtfough which passes the elute from the
LC column, creating a fine spray that forms droplaintaining the sample, and heat applied
prior to entry into the MS allows for desolvationdaionization. MS/MS analysis ensures
identification of the peptide size and amino a@dugence.
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Figure 1:Summary of proteomic approaches utilized in the study of stem cells.

233



Int. J. Biomed. & HIth. Sci. Volume 8, No. 4 (2012)

Protein
— SDS5-PAGE Extraction
| — — O
Single Band —
Excision —
or
Whaole Lane
Analysis E—
LC or
LC/LC
Electrospray
lonization
______ . ]
—————— > 5
=
T = ] {1 m
—» % H Determination
—————— > w
=
—————— > 5 ‘ |
—————— > & m/z
Collision
cich Cell M l
i o
=
S E
) c Aming Acid
2 Sequence
3 ’ : Identification
e &
5 |
iy = m/z

Figure 2:Schematic depiction of LC-M S/M S procedure.

Protein extracts are made from stem cellsarof type and first fractionated by SDS-
PAGE. Individual bands or the whole lane are thdnected tan situ digestion with trypsin.
After trypsin digestion, the product is subjectedetther single-dimensional (LC) or multi-
dimensional (LC/LC) liquid chromatography for fuethseparation of the mixture. Elute from
LC is then ionized by electrospray ionization, &agh elute peak first passes through an MS
(typically MS2) for mass determination. Each pesathen separated in MS1 and passes into a
collision chamber where it is further fragmented aubsequently analyzed in MS2, which
aids in peptide sequence determination.

After completion of this process, a compkchprotein mixture is reduced to a fragment
ion spectrum and molecular weight for each peptBieinformatics is then necessary to
translate each specific spectrum into a peptidepaotdin from which it originally arose. The
algorithms involved are varied and complex, buttaeed upon comparison to the theoretical
spectrum of known proteins from a databasedawbvo sequencing in which each fragment
spectrum is directly translated into a specifictjpp or a hybrid approach that combines
both (reviewed in (Nesvizhskit al., 2007). Each peptide is then mapped to a prdtased
upon either a deterministic.€., a predetermined algorithm such as in (Resing., 2004:

234



J. Wang et al.

Tabb et al., 2002) or probabilites of a match (Priee al., 2007). The result is an
identification of all possible protein(s) in a giveample.

The use of LC coupled tandem MS/MS has allowedviar general approaches. The first is
termed “shot-gun” proteomics, in which a single pansuch as a cell line, tissue, or highly
purified cell population is analyzed to assesspalptides/proteins expressed. This is also
known as expression-based proteomics. The secaaf@irigy purification, in which a single
protein species is purified from a cell; with theaf being to identify associated molecules
(see Figure 1D). While both methods have been widélized, affinity purification has
provided unique insights into network propertieooajanisms (Gaviet al., 2002) and stem
cells (see Section 2), and thus often been refdoexs functional proteomics (Kocher and
Superti-Furga, 2007). In general, affinity puritica is based upon two techniques. First,
affinity purification can be performed on nativeof@ins using antibodies to isolate a single
protein and its associated proteins (Uhlen anddmpr005). The major drawback is that the
antibody can often be the limiting reagent, makingjfficult to purify rare proteins or large
amount of complexes. The second involves attachirgpecific peptide tag to a cDNA of
interest, allowing for easy purification and elutiof the tagged protein of interest (Rigatt
al., 1999). These methods also typically allow fattiely the affinity tagged complexes from
the column by proteolytic cleavage at a specifaognition sequence (e.g., TAP tag in Figure
3A). A variation of this tag-based technique isdzthapon metabolic tagging with biotin (de
Boeret al., 2003). Cells are generated which expresEtleli derived BirA ligase capable
of attaching biotin to a specific peptide recogmitsequence. cDNAs are then engineered to
contain the recognition sequence, allowing thenbeoefficiently biotinylatedn vivo and
capturedin vitro due to the strong affinity of biotin for streptdin (see Figure 3B). The
predominate advantage of metabolic tagging metlhedbe exceptionally high affinity of
streptavidin for biotin (i~ 10" as opposed to ag 10° for calmodulin binding protein).
Using either tagging approach, the tags are oftenmbined to allow for tandem purification,
thereby increasing the purity of the complex areldpecificity of the subsequently identified
interactions. There are several advantages assdciaith this affinity purification-MS
method: first, it can be performed under relativehysiological conditions; second, it does
not typically perturb relevant PTMs, which are aofterucial for the organization and/or
activity of complexes and can also be identified M$; third, it can be used to probe
dynamic changes in the composition of protein caxgsd when used in combination with
guantitative proteomics techniques such as iTRAQ3ALAC (see below).
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Figure 3A:Schematic depiction of two affinity purification approaches.

@

A. Tandem affinity chromatography: a protein of ieris first engineered to contain a
Protein A (filled in circle) tag, a Tobacco Echord8 recognition site (TEV, filled in
triangle), and a calmodulin binding peptide (CB&j (filled in ellipse). Extracts are made
from cells expressing the tagged protein, whichudthacontain associated proteins and
contaminants. These complexes are bound to andya, and washed to remove majority
of contaminants. TEV protease is then used to dhgesemi-purified protein complexes
which are subsequently absorbed onto a calmodolimm. After further washing, purified
protein complexes containing the protein of inteessl its associated proteins are eluted by
calcium chelation (EGTA) and identified using LC-N&S.
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Figure 3B:Schematic depiction of two affinity purification approaches.

B. Metabolic tagging for affinity chromatography: $iirstem cells are engineered to express
the E.Coli derived biotin-ligase BirA, which attaches biotin a defined recognition
sequence, shown with a filled-in star. Proteinsirgkrest are then engineered with a
biotinylation site and a FLAG epitope (shown asllad-in circle). Inside the stem cell, the
biotin (blue circle) is added by BirA. Protein eadts are made and applied to a FLAG-
antibody column, and after washing semi-purifiedhptexes are eluted with FLAG peptide.
The elute is then applied to a streptavidin coluamd after washing the purified protein of
interest and its associated proteins are elutedebgturing and identified by LC-MS/MS.

In addition to identifying large arrays of proteias well as protein complexes, proteomics
has also advanced to be more quantitativee, allow for protein levels to be directly
compared between two samples (QGallaal., 1999: Onget al., 2003). While there are a
number of techniques (Summarized in Figure 1A-@)p @are most widely used: ICAT
(isotope coded affinity tags; Gyegt al. 1999b) and iITRAQ (isobaric tags for relative and
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absolute quantification) (Ross al., 2004). Briefly, proteins from two populations clls

are labeled using different chemicals with diffdresotope compositions.¢., hydrogenvs.
deuterium in the case of ICAT or an analogous fsatope tag in iTRAQ), and the samples
are then remixed and quantitative protein levels loa assessed. The advantages of these
techniques are that both allow for the quantitawbrvirtually any sample, and very large
samples are possible, although issues with labaffigiency and over-labeling can cause
difficulties. In contrast, SILAC (stable isotopé&ing with amino acids in culture; Chen

al. 2000: Onget al., 2002: Zhuet al., 2002) uses a similar approach in which two pajohs

of cells are labeled with isotopically distinct amiacidsin vivo and then analyzed, allowing
for differences between the two cell populationsb® assessed. The advantage of this
technique is that labeling efficiency and over-laigeare no longer an issue, although it is a
difficult procedure to scale up to larger, proteostale procedures. The development of
these MS-based technique platforms has greatlynmeédathe proteomic studies of stem cells,
which is discussed in detail in the next two setio

2. Proteomic studies of embryonic stem cells (ESCs)
2.1. The ESC proteome

Since their discovery over 25 years ago (Evarg Kaufman, 1981), murine embryonic
stem cells (MESCs) have provided an invaluable foolanswering genetic questions
(Thomas and Capecchi, 1987). With the establishnoénhuman embryonic stem cells
(hESCs; Thomsoset al. 1998), new opportunities for tissue repair olaepment are being
actively explored. To complement the transcriptoamalyses of ESCs that define a genome
wide RNA expression signature of stemness (lvarenva., 2002: Ramalho-Santas al.,
2002), stem cell proteomics provides an excelleat to characterize ESCs at protein level
and derive a protein pluripotency signature thaty ndisclose novel ESC-specific
benchmarks.

The proteomic analysis of embryonic stemnessbeen probed using MS-based protein
profiling of both undifferentiated and differengat ESCs. A quest for human (line HES-2)
and mouse (line D3) ESC-specific proteins resuitedl,775 non-redundant proteins in
hESCs, 1,532 in differentiated hESCs, 1,871 in mE3@d 1,552 in differentiated mESCs
with a false positive rate of <0.2%. Comparisorthef data sets distinguished 191 proteins
exclusively identified in both human and mouse ES@Gany of which are uncharacterized
proteins and are potential novel ESC-specific marke functional proteins (Van Hoef al.,
2006). Elliott et al. utilized 2D gels with multiple pH gradients andried acrylamide
concentrations to resolve approximately #2000 protein spots from mouse R1 ESCs on
silver stained gels and represents the initial steproducing a comprehensive ESC 2D
protein database (Ellio#t al., 2004). Naganet al. using an automated microscale 2D LC-
MS/MS analyzed total proteins in mouse E14-1 ESQGgyanoet al., 2005). They assembled
a catalogue consisting ef1800 proteins, containing many components derivech fESC-
specific and stemness genes defined by the tratsore analysis (Ramalho-Santeisal.,
2002), and a number of components, such as Oct4 WL, which are expressed
specifically in ESCs. Importantly, they detectedC=specific transcription factors of low
abundance (f0to 10 copies/cell) and found 36% of total proteins wéveated in the
nucleus, consistent with the high nuclear to cyeplic ratio of ESC colonies.

Recently, Graumanret al. fractionated the SILAC-labeled ESC proteome by/IED
(isoelectric focusing) followed by high resoluti@nalysis on a linear ion trap-orbitrap
instrument (LTQ-Orbitrap) to sub-ppm mass accuraglich resulted in confident
identification and quantitation of more than 5,@bétinct proteins (Graumarsat al., 2007).
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This is the largest quantified proteome reportedidate and contains prominent stem cell
markers, such as Oct4, Nanog, Sox2, Utfl and anryamiz version of Ras (ERas).
Bioinformatics analysis of the ESC proteome revadisoad distribution of cellular functions
with overrepresentation of proteins involved in lepation. In addition, Graumanet al.
compared the proteome with a recently published ofaghromatin states of promoters in
ESCs (Mikkelseret al., 2007) and find excellent correlation betweentgiroexpression and
the presence of active and repressive chromatiksnar

An interesting feature of the ESC proteome in tlag&ho study (Nagane al., 2005) and
another study in D3 ESCs (Nunomuwtaal., 2005) is that it retains the cell surface masker
and signaling molecules that are characteristidiférentiated cells. This is not inconsistent
with the notion that interactions between cell acef proteins and extracellular ligands are
key to initiating ESC differentiation to specifinéage. Although it is formerly possible that
a small portion of cells were differentiated to ariety of cell lineages during the culturing
condition, it is tempting to hypothesize that th8E proteome is equipped with multiple
protein components unique to a number of diffeegatl cell types, enabling cells to respond
to various external signals leading to differemiatto specific lineages, a property of
pluripotency of the ESCs. So far, relatively litibeeunderstood regarding how stem cells are
programmed toward a particular cell lineage. Thism important area of investigation that
involves directed differentiation to influence theeage commitment of these pluripotent
cellsin vitro. Manipulation of extracellular signals and ovenmegsion of transcription factors
can drive ESCs to commit to a specific cell typewhaver, ultimately it is the changes in
nuclear expression that direct differentiation dawma specific lineage. Accordingly, nuclear
proteomics—studies of collective actions and irdoas of proteins found in the nucleus—has
been proposed (Barthelegyal., 2007) to inventory nuclear proteins in both diedentiated
and differentiating cells and decipher their dynesrduring cellular phenotypic commitment.
This provides an opportunity to identify unknowartscription factors and additional nuclear
effectors critical in the maintenance of celluliepotype. In addition, it offers insights as to
what nuclear profile is needed to program or remaogcellular fate with limited imprinting
side effects (Barthelemt al., 2007).

2.2. The ESC epiproteome

To identify biologically relevant proteins portant for stem cell self renewal and
pluripotency, the extensive catalogue and benchmfgkotein databases are not sufficient.
Many biochemical pathways are directed by changésliMs such as phosphorylation rather
than by changes in abundance of proteins themselbtslies have now shown that
epigenetic mechanisms, such as covalent modifiesitid histones and DNA methylation are
vitally important to the pluripotent nature of ES@sd that these mechanisms also regulate
differentiation (Atkinson and Armstrong, 2008). Tégigenetic nature of the ESCs (the ESC
“epigenome”) has been demonstrated to be uniquatsratharacteristics have been strongly
linked to the global permissivity of gene expressiend pluripotency (Niwa, 2007). In
analogy to epigenome, a new term “epiproteome” b@sn coined to reflect a protein
landscape of PTMs and histone variants (Dai anagnRasen, 2007).

Phosphorylation is a critical PTM involved in modtithg protein function. To gain insight
into intracellular signals governing ESC self-reaévand differentiation, a multivariate
systems analysis of proteomic data generated fambmatorial stimulation of mESCs (line
CCE) by fibronectin, laminin, LIF and fgf4 was pamined (Prudhommet al., 2004).
Phosphorylation states of 31 intracellular sigrialetwork components were obtained across
16 different stimulus conditions at three time peiby quantitative Western blotting, and
computer modeling was used to determine which corapis were most strongly correlated
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with cell proliferation and differentiation ratertstants obtained from measurements of Oct4
expression levels. The study identified a set ghaling network components most critically
associated with differentiation, proliferation afdifferentiated as well as differentiated cells.
A large-scale proteomic analysis of hESCs (BGO1B@G3 lines) was also performed using
PowerBlot and Kinexus Western blot assays couplgd iwmmmunofluorescence (Schuét

al., 2007). The study identified over 600 proteingpressed in undifferentiated hESCs,
including a number of potential new stem cell meskend highlighted over 40 potential
protein isoforms and/or PTMs including 22 phosphairgn events in cell signaling
molecules. More recently, a nucleosome-ELISA methwds developed to assess
guantitatively the status of PTMs and histone vdasadubbed “epiproteomic signature”)
present within the total cellular nucleosome pddai(and Rasmussen, 2007). The results
indicate that assessment of the steady-state lesfelBTMs and macroH2A vyields an
epiproteomic signature that can distinguish betwegf's, EC cells and MEFs. Furthermore,
epiproteomic nucleosome signatures change in regpom exposure of cells to small
molecules such as RA and TSA and over the courdeS& differentiation. This indicates
that the epiproteomic signatures are useful forestigation of stem cell differentiation,
chromatin function, cellular identity and epigenesponses to pharmacologic agents.

The direct analysis of a large number of peptidesgi 2D LC-MS/MS permitted the
systematic identification of peptides carrying PTWitze et al., 2007). Naganct al.
identified protein PTMs in a number of ESC proteémduding five Lys acetylation sites and
a single phosphorylation site (Nagared al., 2005). Phosphorproteome analysis of
undifferentiated and differentiated mMESCs (lineudihg phosphoprotein affinity purification
followed by 2D LC-MS/MS indicated that many chromatemodeling proteins are
potentially regulated by phosphorylation (Puemteal., 2006). Interestingly, affymetrix
microarray analysis indicated that gene expresswels of these sample proteins had
minimal variability between the compared samplege(Reet al., 2006). These findings
collectively highlight the critical roles that epigetic factors play in maintaining
pluripotency of ESCs (Bibikovet al., 2008), and stress the necessity and value téqmac
analysis.

2.3. The ESC protein interaction network

The expression-based studies of ESC protecand epiproteome provide a
comprehensive inventory of proteins as well asrtRdiMs, some of which may be used as
ESC markers. However, such protein lists are nfficgent to describe biological processes.
Vital cellular functions require the coordinatediac of a large number of proteins that are
assembled into an array of multiprotein complexXedistinct composition and structure. The
analysis of protein complexes and intricate profgistein interaction networks is a key to
understanding virtually any complex biological gyst including stem cells (Levchenko,
2005).

To understand how pluripotency is programmed anthta@aed in ESCs, we have utilized a
proteomic approach to isolate protein complexes aodstructed a protein interaction
network surrounding the pluripotency factor Nan@éagget al., 2006). The approach takes
advantage of the extraordinary affinity of strejdav for biotin, and obviates reliance on
antibodies of inherently lower affinity for puriition (see Figure 3B). It has been reported
that single-step streptavidin capture of taggedstraption factors is sufficient to isolate
specifically associated proteins with minimal n@eafic contamination (de Boeat al.,
2003). In this system, BirA expressing ESCs sesra gecipient for other tagged cDNAs. A
construct bearing the pluripotency factor with aA&_tag as well as a peptide tag that serves
as a substrate fon vivo biotinylation was expressed in ESCs (see Figure ZFAe tagged
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protein was recovered from nuclear extracts witbpsavidin beads together with its potential
interacting partners. For tandem purification, theclear extracts were first subjected to
immunoprecipitation with anti-FLAG antibodies arttetrecovered protein complexes were
further purified by streptavidin beads. Protein ptemes recovered from either one-step
streptavidin or tandem purification were subjectednicrosequencing by LC-MS/MS (see
Figure 4B).

MSGLNDIFEAQKIEWHEGAPSSR
Esc | 202

One-step Tandem
purification purification

pEF1a
FlbisNanog-Puro

puro’

Figure 4:Strategy for affinity purification of Nanog associated protein complexes in
MESCs.

A. Establishment of a biotinylation system in ESCs.stable ESC line expressing the
bacterial BirA enzyme was first established by $fantion with a BirA-expressing plasmid
bearing the neomycin resistance (hegene and G418 selection; A second plasmid
containing Nanog cDNA with an N-terminal Flag-brotlual tag (FLBIO) and a puromycin
resistance (pufp gene was introduced and cells selected with pyeom The resulting
stable lines are resistant to both G418 and puromgmd express FLAG-tagged, biotinylated
Nanog that can be immunoprecipitated by anti-FLA@ atreptavidin antibodies/beads.
Two complementary affinity purification strategis protein compexes purification. Single
streptavidin ~ immunoprecipitation and tandem affinit purification (anti-Flag
immunoprecipitation followed by streptavidin pulido) were performed in parallel, the
purified protein complexes were fractionated on SES5E, and subjected to LC-MS/MS to
identify components of the protein complexes.
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We first chose to focus on the variant honegoNanog protein, considering its role in
maintaining pluripotent state of cells in early mewembryo and promoting pluripotency of
MESCs (Chamberst al., 2003: Mitsuiet al., 2003). By affinity purification of Nanog
associated protein complexes followed by LC-MS/M$®mponents of Nanog protein
complexes (and thus direct and/or indirect Nanagractting partners) were identified. Many
of the candidates identified were other transaiptiactors or components of transcriptional
complexes, some of which had already been assdciaith ESC functions in previous
studies. A number of novek.f., Dax1l, Rifl, Nacl and Zfp281) and knowag(, Oct4)
critical factors were validated, both physicallydamnctionally, for association with the bait
Nanog and were used (together with another wellnBSC marker Rex1) for purification
of a second tier of complexes. The resulting d#ésaseere used to generate a complex
network of interacting proteins that is conciselgpitted in Figure 5A. This iterative,
“bottom-up” strategy reveals a tight, highly intennected protein network greatly enriched
in nuclear factors individually required for mainéce of ESC properties and co-regulated
on ESC differentiation (Wangt al., 2006). In addition, the network links to mulepl
corepressor pathways, which provides both a meansgulate different sets of target genes
and a fail-safe mechanism to prevent differentratmward different lineages, a requisite for
pluripotency. Furthermore, downstream gene targétseveral core pluripotency factors
(e.g., Nanog, Oct4) identified from previous studies yBioet al., 2005: Lohet al., 2006) also
serve as upstream regulators in the network (sgeréi5B), indicating that the ESC
interaction network is a self-contained, exceedingght cellular module dedicated to
pluirpotency. Finally, identification of a numbef petwork proteins that are not strictly
specific to ESCs and cannot be identified by trapsonal profiling, highlights the
importance and advantage of proteomic studies @ES

PRC1 Complexes (Repression)

SWISNF Complexes
(Activation or Repression)

Figure 5A:A protein interaction network in mESCs.

242



J. Wang et al.

A. Proteins with red labels are tagged baits fomaffipurification. Green and red lines

indicate confirmed interactions by coimmunopreeipin or published data. Dotted lines
indicate potential association. Green circles iaticproteins whose knockout results in
defects in proliferation and/or survival of the @émncell mass or other aspects of early
development; Blue circles indicate proteins whasiuction by RNAI (or ShRNA) results in

defects in self-renewal and/or differentiation dbE&s; Yellow circles are proteins whose
knockout results in later developmental defectsjtevbircles denote proteins for which no
loss-of-function data are available. Also indicatetthin the network are three major

chromatin modifying complexes whose componentsnaaeked with black stars (Polycomb

repression complex 1), red stars (NURD complex) anblue star (SWI/SNF complex),

respectively.

MIT:

ChiP-Chip analysis (hRESCs) Hanog Targets | Ocid Targets
Harg=r Hanog=*
Ooti=s Dcid=s
Ryt Rybp~
= Env2~
REST=* REST=*
Rif1=* Rif1=*
Sall1=s Sallfns
Etfi== Eme
Zipiai=s Zip281
Rox1™ Roxl=
Dmrtime Dmai®

Elys= Zip2 19~

Daxi=

cmP-PEETI::ﬂ-i::{mEscs] e i
Ealla=
Bthd14a=
Rail4=
Arid3b=
NF&5"
Cdki*
Oct Nanog Aikpte

Rnfae

Figure 5B:A protein interaction network in mESCs.

B. Targets of pluripotency factors are highly représd in the network. Left panels show the
targets of Nanog, Oct4 and Sox2 in hESCs (Bayel., 2005) and targets of Nanog and
Oct4 in mESCs (Lolet al., 2006). The right table summarizes the targetdasfog and Oct4
from the two ChIP studies (left) that are presenthie protein network (middle). Note™¥"
indicates that gene X identified as targets of Npaod/or Oct4 in both mouse (m) and
human (h) ESCs. Shaded are the targets of bothg\amb Oct4.

The ultimate goal of functional proteomics in steefis is to decipher the molecular function
of an entire cell by generating a construction erastan describing all molecular machines,
their functions in maintain stem cell propertieseit reactions to external stimuli during
differentiation, and their interconnectivities. Quork on the protein interaction network in
MESCs described above represents the first stegrdotivat direction. In addition, it provides
a framework for exploring the combinations of fastothat may permit optimal
reprogramming of differentiated cells to an ES s#&dke (Wang and Orkin, 2008).
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2.4. The ESC transcriptional regulatory network

Large-scale transcriptomic and proteomic analy$&sS&Cs are complementary to each other
and have laid a foundation for a better understandif the underlying stem cell biology.
However, missing links exist such as gene trangoripnay not directly be indicative of or
proportional to protein translational readout (egsion), and conversely, protein expression
and multiprotein complexes do not themselves spetafget gene regulation of the
protein(s). A comprehensive understanding of esstatnlent of the pluripotent state in ESCs
requires construction of an expanded transcriptiocggulatory network in which many key
transcription factors besides Nanog, Oct4 and S their interaction partners (Waseg
al., 2006) bind directly to their target genes.

Recent studies have begun to elucidate transanipitworks surrounding the three core ESC
transcriptional factors Nanog, Oct4, and Sox2 thaérate to control ESC pluripotency.
Using ChlP-chip analysis (chromatin immunoprecipita followed by microarray
hybridization to identify binding sites on a genomie scale), Boyeet al. showed that
Oct4, Sox2 and Nanog collaborate to regulate hEB@pptency and self-renewal through
autoregulatory and feedforward loops. These theesctription factors function by activating
pluripotency genes including themselves and byaspng key developmental genes possibly
in part with aid of Polycomb proteins (Boyetr al., 2006: Leeet al., 2006). Using ChIP
followed by paired-end ditags (ChIP-PET) approdobh et al. surveyed target genes of
Nanog and Oct4 in mESCs and found that both regudabstantially overlapping target
genes (Lolet al., 2006). However, cross-examination of the taggetes of Nanog and Oct4
between hESCs and mESCs revealed a limited ovdrédween the two sets of data,
suggesting either different control mechanisms betwthe two species or inherent variations
between the two technique platforms. The resultrgate from these studies was the high
degree of overlap between the genes targeted by paill the three transcription factors.
However, questions remained to be address as hogr fdactors besides the three in the
protein interaction network (see Figure 5A) conitébto maintenance of stem cell identity
and how the multiprotein complexes specify targategregulation.

Although neither expression nor transcripti@ctor binding studies in isolation are
sufficient to establish a regulatory relationshgiviieen a transcription factor and its targets,
integrating these methodologies has provided twiependent sources of evidence for high
confidence prediction of novel transcriptional netks regulating ESC self-renewal and
commitment (Walkeet al., 2007: ). Using a modified ChIP-chip procedurebfoed”°ChlIP-
chip) combined with affinity purification and LC-M®&S (dubbed®°SAIP-MS) to expand
the current protein interaction network (see FigayeKim et al. systematically surveyed
target genes of total 9 protein interaction netwiadtors (Nanog, Oct4, Sox2, Klf4, c-Myc,
Nacl, Zfp281, Daxl and Rex1l) and constructed araredgd transcriptional regulatory
network in mESCs (Kinet al., 2008). This network contains many more coreipbiency
factors in addition to Nanog, Sox2 and Oct4 thamfcautoregulatory and feedforward
regulatory circuitries. In particular, Klf4 servess an upstream regulator of larger
feedforward loops containing Nanog, Sox2 and Ostdvall as c-Myc. More importantly,
combined analyses of bioChlP-chip data with gen@ession data revealed that majority of
common targets of over 4 factors are highly actime ESCs and repressed upon
differentiation. In the case of targets bound hydefactors, both active and repressed genes
are present and the balance shifts toward gendivitaavith reduced factor co-occupancy.
The extreme is that distinct targets of a singletdia are largely inactive or repressed.
Moreover, the regulatory network also indicated tiyc and three other factors (Nanog,
Oct4, Sox2) play distinct roles in ESG%., c-Myc is largely involved in stimulation of cell
proliferation and regulation of chromosomal acdaB; whereas Oct4/Sox2/Nanog
positively regulate ESC factors and negatively kagudifferentiation (Kimet al., 2008).
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This provides a potential mechanism that might aotdor the differential regulation of
transcription factor targets in ESCs and providesmanistic insights into the 4-factor (Oct4,
Klf4, Sox2, and c-Myc) mediated somatic cell repesgming (Lewitzky and Yamanaka,
2007).

BirA BirA/bioTF
[
v _ v _
bioSAIP-MS ‘ bieChlP-chip |
Isolate nuclear extract Isolate Tmmaﬁn
J
IP with SA beads IP with SA beads
NP J
MS to ID protein complexes Promoter tiling array
2
|| !
5 } U " =
o N T AR TLTTITR T
miz
WV
protein-protein interaction protein-DNA interaction

Figure 6: Strategies for mapping protein-protein and protein-DNA interactions in
MESCs.

The ESCs expressing BirA alone (as contral) BirA plus biotinylated transcription
factors (bioTF) can be used for isolation of pnoteomplexes using streptavidin (SA)
immunoprecipitation (IP) coupled with LC-MS/MS (cheri”°SAIP-MS) and construction of
a protein-protein interaction network; meanwhileg same ESCs can be subjectethtavo
biotinylation-mediated chromatin immunoprecipitatiand microarray (dubb&fChlIP-chip)
to identify protein-DNA interactions and constractranscriptional regulatory network.

Our demonstration ah vivo biotinylation of tagged proteins and streptavidifinity
capture to identify global targets of multiple faist involved in the transcriptional control of
pluripotency in ESCs further highlights the powérpooteomic approaches to define in a
systematic fashion the protein-protein interacteomd protein-DNA interaction networks
operative in ESCs. In particular, affinity puriftcan of biotin-tagged protein complexes
coupled with LC-MS/MS °SAIP-MS) and thé’°ChIP-Chip method obviates reliance on
low-affinity antibodies and allows for the geneoatiof two independent data-rich resources
with the same biotin-tagged cell lines and simgescedures (see Figure, faving the way
for highly efficient, large-scale proteomic studie€ESCs.
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3. Proteomic studies of adult stem cells
3.1. Current status of adult stem cell proteomics

Somatic stem cells have been identified withdlult organisms, and are defined by their
dual properties of self-renewal and differentiatiomlike ESCs, however, adult somatic stem
cells are restricted in their ability to give rigecell types within a defined lineage. Over the
last 20 years a large body of work has been coahpdefurther define these cells, develop
rigorous isolation strategies, deduce theirvitro and in vivo functions, and establish
transcriptional profiles. While these studies hayreatly advanced the field, a complete
understanding of the mechanisms that regulatereewal and potency within adult stem
cells requires integration of multiple high-thropgih platforms assessing transcriptomes,
proteomes and protein interactomes. Unlike ESCaeher, only a relatively small number
of studies have ventured into proteomic profilingd gorotein interaction mapping of adult
stem cells. The majority of studies in the fieldaolult stem cell proteomics have focused on
three cell types: hematopoietic stem cells (HSQwgural stem cells (NSCs) and
mesenchymal stem cells (MSCs). There are manyenhehallenges in pursuing proteomic
studies using adult stem cells. With the exceptdrNSCs, which can be significantly
expandedn vitro without loss of stem cell properties, most adteéis cell types cannot be
maintained or expanded in culture without induathgnges in their potency. Thus, there are
limits to the numbers of available input cells amdike the development of global nucleic
acid amplification for transcriptional profilinguaently there is lack of an effective protein
amplification method.

Many of the initial proteomic efforts from vitro expanded adult stem cells have utilized
2-dimensional gel electrophoresis (2-DE) as a feard fractionation method prior to mass
spectrometry (MS) analysis (see Figure 1A). Theee several limitations inherent to this
approach, including limited resolving power, poepresentation of very large or small, basic
or hydrophobic proteins, the requirement for rekly large amounts of sample, and
statistical issues (different analysis algorithneheyrate divergent results). Combined data
sets from these proteomic profiling studies reveat the largest conserved group of proteins
in adult stem cells are involved in energy metaoliBaharvandt al., 2007). However,
these data sets are largely biased by the methgglalsed and consequently may simply
represent the most abundant proteins broadly espdessmong these cell types.

Subsequent to these initial studies, sevegralups have taken advantage of the
development of more sophisticated and unbiasec@nut techniques to gain new insights
into adult stem cell biology. Development of samsiiTRAQ methodology combined with
MS analysis (see Figure 1B) has allowed comparigdn purified populations of
hematopoietic stem and progenitor cells with asdevtx18input cells. Interestingly, results
of this study suggest that HSCs, unlike their naifferentiated progenitor counterparts, are
adapted for anaerobic environments (Unwiral., 2006). These differences were not seen
when the transcriptomes of these same populatiare wompared (Unwirt al., 2006),
strongly indicating that transcriptional profilinglone would not have been sufficient to
deduce this novel aspect of HSC biology. AdditibnallRAQ has been effective in defining
a poorly characterized population of hematopoiptimgenitor cells (Lineage-Kit" Sca-1)
as principally erythroid in nature (Spoonatral., 2007). In the MSC field, 2-dimensional
liquid chromatography (2D LC) or LC/LC fractionatidollowed by tandem MS/MS has
been utilized to demonstrate that osteogenic @iffeation of stem cells results from the
focusing of gene expression in functional clustether than simply from the induced
expression of new genes (Salaszayél., 2005).
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It has also been demonstrated that PTMs igaifisantly influence adult stem cell fate
decisions. A quantitative phosphoproteomics apgrocilitated by SILAC technology (see
Figure 1C), has been used to study the influenceroivth factor signaling on MSC
differentiation. Specifically, the mechanism by walhitwo related growth factors (EGF and
PDGF) differentially impacted MSC differentiationas/ found to be mediated by tyrosine
phosphorylation (Kratchmarow al., 2005).

As highlighted earlier in this review, the receftaacterization of a functional protein
interactome and transcription regulatory networknBSCs (Kimet al., 2008: Wanggt al.,
2006) has yielded important new concepts in pra&essgulating development and stem cell
pluripotency. While this type of intricate netwohlas not yet been identified within adult
stem cells, initial efforts towards this goal havdized a proteomics approach to identify
critical protein-protein interactions regulating Ifgsenewal and differentiation. Using
antibody-based purification of protein complexese(s-igure 1D), an elegant study by
Lessardet al. has characterized an essential change in subommposition of a SWI/SNF-
like chromatin remodeling complex during differetiton of NSCs to post-mitotic neurons
(Lessardcet al., 2007). Neural stem and progenitor cells expsegsinit proteins BAF45a and
BAF53a as part of the SWI/SNF chromatin remodeloognplex, which are replaced by
BAF45b, BAF45c and BAF53b as progenitors exit te# cycle. Importantly, the essential
nature of this subunit change for neural differaimn was functionally validated. Taken
together, the proteomic profiling and protein iatgome studies of adult stem cells achieved
thus far highlight the fact that these methodolsgian and will lead to novel insights into the
underlying cell biology that would not be discowtresing other means.

3.2. Futuredirections of adult stem cell proteomics

The field of adult stem cell proteomics hapramising future. As new, improved and
more sensitive methodologies become availabldjrtiied numbers of obtainable adult stem
cells will become less of a barrier. One very ping approach for a wide variety of
applications in adult stem cell proteomic studesise of protein microarrays or chips (see
Figure 1E). These have the potential to identifpt@n-protein interactions, protein-
phospholipid interactions, small molecule targatsj substrates of protein kinases, all while
requiring a relatively small amount of starting eral (Baharvandt al., 2007). The type of
functional protein microarrays that have been ugezliously in yeast to study protein-
protein interactions, specifically demonstratedtntify calmodulin binding proteins (Zhet
al., 2001), stand to be particularly valuable in ecterizing the adult stem cell protein
interactome.

One of the major issues facing adult steml psbdteomics,i.e., cell heterogeneity,
ironically stands to be greatly aided by proteomark itself. It has been demonstrated that
isolation of what is considered to be an enricheth&topoietic stem/progenitor population
(human umbilical cord blood CD34ells) still results in significant proteomic hestgeneity
between samples (Zenzmaetral., 2005). Adult stem cell populations expandeditro are
also not immune to this issue, as it has been shibatrhuman bone marrow MSC lines have
divergent self-renewal and lineage differentiatoapacities (Colteet al., 2001). The way in
which proteomics will be able to address theseeisss through further characterization of
cell surface antigens expressed specifically orouaradult stem cell types, which will allow
even greater prospective isolation capability amastmore homogeneous cell populations.
This has been recognized in the HSC field, wheanstriptome profiling enabled
identification of the SLAM family of cell surface arkers (Kielet al., 2005), which have
improved means of HSC isolation. If transcriptonagadis able to achieve moderate success
to this end, there is vast potential to identify@ldbiomarkers through membrane proteomics.
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In addition, use of lineage-specific fluorescenparers will allow isolation of more
homogeneous cell populations. This strategy has Baecessfully employed in proteomic
studies examining differentiation of mMESCs to mesothl/hemangioblast lineages with
subsequent profiling using iTRAQ (Williamsehal., 2007).

4. Concluding remarks

The proteomics studies of embryonic, as veslladult, stem cells will complement
characterization of these cells at the transcmgtidevel (transcriptome) and connect gene
transcription and cellular phenotypes. The trudlehge now is to integrate proteomics into
the full spectrum of biological and biomedical rasf. Over the next decade, characterizing
the proteome and interactome of stem cells thrahghdentification of protein constituents,
guantitation of protein concentration, dissectioh pyotein interaction networks, and
deciphering of transcriptional circuitry will prale a wealth of valuable information. These
data will enable an integrated systems-level amalgsd modeling of the mechanisms
regulating stem cell self-renewal and potency. Cioetb advances in stem cell biology and
MS hold great promise for dissecting componentspathways that either stimulate
proliferation and self-renewal or induce differatibn towards specific cells or tissues.
Ultimately, this will provide a framework for undganding the underlying biology of stem
cells, and allow precise manipulation and realarabf the full clinical therapeutic benefits of
these unique cells.
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