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Abstract

Side population (SP) cells are a specialized cell type
present at very low numbers in murine bone marrow
and other tissues. These cells are considered to be
multipotent stem cells capable of differentiating into
several cell lineages in vivo and ex vivo. In this report
we have isolated SP cells from suspensions of bone
marrow of Balb-c mice by using a fluorescence-activated
cell sorter (FACS) and we have done the comparative
analysis of proteins expressed by the total bone marrow
(TBM) and SP cells, by using standard procedures of
2D gel electrophoresis (2DE) followed by MALDI-MS
and/or MS/MS. Immunofluorescence analysis of the
expression of cytoskeletal proteins actin and vimentin
and a multi drug resistance (MDR) family protein
ABCG2 were done to further validate the biochemical
proteomic data. The classification of the identified pro-
teins into their functional categories indicated that SP
cells over express stress proteins, cytoskeletal proteins
and enzymes of the glycolytic metabolism. These re-
sults could be significant in understanding the physiol-
ogy of stem cells in the bone marrow.

Keywords: Stem cells; Cell differentiation; Haematopoiesis;

Flow cytometry

Abbrevations: TBM: Total Bone Marrow; SP: Side Population;

FACS: Fluorescence Activated Cell Sorting

Introduction

Proteomic analysis of stem cells, such as human or mouse

embryonic stem (ES) cells, human umblical cord blood cells,

stem cells of neuronal origin etc. have been reported in previ-

ous studies (Baharvand, 2006 a, b; Van Hoof et al., 2006; Wang

and Gao, 2005; Yin et al., 2005; Nagano et al., 2005; Elliott et al.,

2004; Feldmann et al., 2005; Hoffrogge et al., 2006). More re- 

cently protein profiles of stem cells derived from adult tissues

such as skin epithelia (Epstein, 2005), adipocytes, retina and

primary or cultured mesenchymal bone marrow cells have been

reported (Lee et al., 2006; Cavusoglu et al., 2003; Chen et al., 2005;

Ye, 2006; Seshi, 2006). The comparison of the proteomes of un- 

differentiated stem cells with cells that are committed to lineage

specific differentiation has been very useful to identify specific

markers  involved in the regulation of stem cell biology and in

controlling the potential  of stem cells for multi-lineage differ-

entiation (Baharvand, 2006a; Unwin et al., 2003; Hayman, 2004;

Kurosaki, 2007; Baharvand, 2007). A comparative assessment

of proteins commonly expressed in stem cells derived from vari-

ous origins has been reported in a recent review (Hoffrogge,

2007).
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Over the past 10 years, several workers have studied a more

specialized stem cell population, that is seen in both adult and

embryonic tissues whose identity is exclusively based upon flow

cytometric analysis (Goodell et al., 1997; Goodell et al., 1996).

These cells are referred to as SP cells and they exhibit the MDR

class of molecular pump activity in their plasma membrane-

therefore when studied by flow cytometry they show a unique

pattern of Hoechst dye efflux that defines their name (Zhou et al.,

2001; Scharenberg et al., 2002; Jonker, 2005; Zhou et al., 2002).

The properties of SP cells have been mainly studied from the

mouse bone marrow however, they have been identified in many

other tissues also (Kawanabe et al., 2006). SP cells have been

shown to possess the potential for multi-lineage differentiation

and are hence considered to be similar to primitive stem cells,

however their stem cell like behaviour is not universally seen

(Parmar et al., 2003; Macpherson et al., 2005; Triel et al., 2004). SP 

cells have also been associated with the malignant properties of

certain cells where they have been projected as the so-called

cancer stem cells (Hadnagya et al., 2006).

Considering the specialized behavior and differentiation po-

tential of SP cells it has become necessary to know their protein

profiles so that the regulatory proteins in these cells can be iden-

tified and a more rational explanation for their behaviour can be

enumerated. At present there are no reports on the proteomic

profile of murine SP cells.

In this paper we have compared the protein profiles of SP

cells derived from the bone marrow of the laboratory mouse.

We have found that mouse SP cells express approximately only

50% of the proteins that were seen in TBM cells between the

molecular weights of 19 KDa and 200 KDa (112 spots vs 233

spots). Our analysis of 24 spots out of 112 spots in the SP and

44 spots out of 233 spots seen in TBM cells showed that

cytoskeletal and stress proteins were among most significant

proteins expressed in SP cells. Our immunofluorescence data

also confirm the up-regulation of these cytoskeletal proteins such

as actin and vimentin in SP cells as compared to TBMCs both in

terms of staining per cell and the number of cells stained. Actin
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in TBMCs also showed a different localization in comparison

to SP cells.

Experimental Section

Cell Source

All experiments were done with bone marrow cells obtained

from Balb-c mice, males or females, aged between 6 to 8 weeks.

The animals were obtained from the inbred colonies of these

animals maintained at the Animal Facility of CCMB.

Bone Marrow Preparation

Bone marrow was flushed from murine femurs and tibias and

a single cell suspension was prepared by passing the bone mar-

row through a 21-guage needle after which the cells were pelleted

by centrifugation and re-suspended at 106 cells/mL in HBSS

(Hanks Balanced Salt Solution) that contained 2% fetal calf se-

rum (FCS) and 10 mM HEPES. The sample was centrifuged at

1500 rpm for 5 min at 4 °C. The nucleated cells were counted

after staining with crystal violet containing 2% acetic acid.

SP Cell Isolation

SP cells were isolated from the bone marrow according to

published methods (Lin and Goodell, 2006). Briefly, bone mar-

row was re-suspended at 106 cells/mL in prewarmed HBSS as

outlined above. Hoechst 33342 (bis-Benzimide) (Sigma Aldrich,

Dorset, UK) was added to the cells at a final concentration of 5

µg/mL and the cells incubated at 37 °C for 90 min. After this

time, the cells were pelleted and resuspended in ice cold HBSS

containing 2% FCS and 10 mM HEPES and maintained at 4 °C

for analysis by flow cytometry.

Flow Cytometry

For sorting SP cells FACS Vantage SE (BD Biosciences)

equipped with 488 nm primary laser and an ultraviolet laser at

350 nm as second laser (Coherent Innova 305/ 309) was used to

excite the Propidium iodide and Hoechst dye respectively. Fluo-

rescence from the Hoechst dye was measured with a 450/20 BP

filter (Hoechst Blue) and a 675LP optical filter (Hoechst Red).

A 610 DM SP filter was used to separate the two emission wave-

lengths. Propidium iodide (PI) fluorescence was also measured

through the 675LP. Hoechst Blue vs. Red profile was displayed,

with Hoechst blue (450 BP filter) on the Y- axis and Hoechst

red (675 LP) on the X- axis. The detectors for both the channels

were in linear mode, the voltages were adjusted so that dead

cells line up in the lower left corner on a vertical line to the far

right. SP cells exclude Hoechst 33342 and consequently have

lower blue and red fluorescence emissions.

Cell Lysis and Protein Preparation

Sorted SP cells from each batch were processed for protein

extraction for which the sorted cells were initially collected in

HBSS and centrifuged. The pelleted cells were suspended in a

very small volume (~10 µl) of lysis buffer and stored at -70 °C.

In order to maintain the consistency and reliability of our re-

sults in case of TBMC we ran 4 gels of each biological replicate

a total of 3 replicates were studied and for SP cells 1 gel each

from 3 biological replicates, each biological replicate contained

cells obtained by pooling sorted cells from different batches.

Silver staining of the gels was done under identical conditions

so that reliable quantitative comparison of the gel spots could

be done.

Proteins from TBM and sorted SP cells were extracted by the

following method. Cells were washed using ice-cold HBSS

buffer and centrifuged at 1500 rpm for 5 min. The supernatant

was discarded by careful pipetting. The cells were re-supended

in lysis buffer, (8 M urea, 0.2% ampholytes, 2% CHAPS, and

50 mM DTT) and mixed well by repeated pipeting. Samples

were allowed to stand at 4 ºC for about 1 h with occasional

sonication, transferred to Beckman thick wall tubes and centri-

fuged at 55,000 rpm in a Ultracentrifuge (Beckman TL-100)

for 1h at 4 °C. The final cell free supernatants were quantified

by Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).

Samples were aliquoted and stored at -70 °C.

Two-dimensional Gel Electrophoresis

Total and SP cell lysate of 50 µg each was suspended in rehy-

dration buffer containing 8 M urea, 50mM DTT, 2% CHAPS,

0.2% carrier ampholytes. IPG Strips (11cm, pH 4–7; Bio-Rad,

Hercules, CA, USA) were rehydrated with samples overnight

at room temperature. The first dimension IEF was performed

with Bio-Rad electrophoresis unit at 20 °C. Before the second

dimension separation, each focused IPG strip was incubated first

in equilibration buffer (6 M urea, 0.375 M Tris-HCl, pH 8.8,

2% SDS, 20% glycerol) containing 2% DTT and then in same

equilibration buffer containing 2.5% Iodoacetamide for 45 min

each. Incubations were carried out at room temperature with

gentle shaking. The second dimension SDS PAGE was carried

out using Hoefer Maxi gel electrophoresis unit. The equilibrated

IPG Strips were loaded and run on 10% gels at a constant cur-

rent of 10 mA per gel. Both the gels were run simultaneously

and under identical conditions to gain the best reproducibility.

Proteins on the gels were visualized using modified silver stain-

ing protocol (Gharahdaghi et al., 1999).

Gel Image Analysis

Gels were scanned using the Flour - S MultiImager (Bio-Rad)

and analyzed with PD quest image analysis software (Bio-Rad).

All images were taken under uniform settings, spot intensities

were determined and normalized for small variations in stain-

ing or protein loads, using total density of the protein spots.

Spot detections were carried out automatically by running ‘Spot

Detection Wizard’, followed by the manual editing of each im-

age to remove artifacts such as streaks and splotches. Each spot

was checked and edited if required, by filtering, drawing, eras-

ing and splitting, etc. A comparison of TBM and SP gel protein

profiles was carried out for differentially expressed spots with

more than 2-fold difference.

Protein Identification by MALDI-TOF-TOF-MS Analysis

Protein spots were excised from TBM silver-stained gels,

destained and in-gel digested with proteomic grade trypsin

(Sigma) overnight at 37 °C, (as described in the handout given

by Applied Biosystems Inc., USA - the manufacturers of the

MALDI-TOF/TOF 4800 instrument). Peptides from the gel were

extracted using 50% Acetonitrile and 0.1% Tri fluoroacetic acid

in water, lyophilized and stored at –20 °C till further analysis.

The resulting peptides were desalted using ZipTips containing

C18 resin, mixed with the matrix solution containing 5mg/ml
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CHCA (α-cyano-4-hydroxycinnamic acid), and analyzed using

a MALDI 4800 TOF-TOF analyzer (ABI, USA). The machine

was calibrated to <10-ppm accuracy using calibration mixture

of known standard synthetic peptides into mass range 800-4000

m/z. The Peptide Mass Fingerprinting (PMF) data were obtained

and protein identification was carried out on PMF data user GPS

software (ABI, USA) with Mascot (Matrix Science, London,

UK) search engine and NCBI database with the following set-

tings: taxonomy (Mus musculus), fixed modification (oxidation),

variable modification (carbamidomethylation), charge state (+1)

and precursor tolerance (50 ppm). The proteins identified were

validated based on Mascot rank, number of peptides matched,

sequence coverage and match of M
r
/pI. The proteins identified

were confirmed further by MS/MS of chosen peptides based on

PMF. These peptides were fragmented in a CID chamber by

laser and the resulting MS/MS ions were searched against data-

base for protein ids with restrictions placed on peak density fil-

ter of 10 and maximal 50 peaks; minimum S/N filter of 10 and

MS/MS fragment tolerance 0.25 Da. Contaminant peaks like

polymer, keratin and trypsin peaks were filtered from PMF be-

fore submission for data base search. Only those proteins iden-

tified by PMF and/or MS/MS searches were listed.

Immunofluorescence Analysis

Indirect Immuno-fluorescence of cytoskeletal and stress pro-

teins was performed on 95% ethanol fixed Cytospin prepara-

tions of TBM and SP cells to confirm the over expression of

specific proteins. Primary antibodies used for this purpose were:

anti-mouse vimentin antibody (Sigma, USA) and biotin-conju-

gated-anti-human ABCG2 antibody (Stem Cell Technologies);

secondary antibodies used were Cy3 linked anti-mouse IgG

(Sigma USA) and FITC conjugated streptavidin. In order to stain

F actin, Alexa-fluor 488 tagged phalloidin (Invitrogen USA)

was used.  All incubations and washings were performed as per

the manufacturer’s instructions. Fluorescence visualization was

done in a Ziess 210 Meta confocal microscope by using appro-

priate excitation and emission filters.

Results and Discussion

Sorting of SP Cells and Protein Extraction

SP cells from TBM cell suspension of Balb-c mice were sorted

as described in Materials and Methods.  In a typical cell sorting

experiment cell suspension was prepared from 2 femur bones

and ~4X107 cells, were stained with Hoechst dye (5 µg/mL)

and the SP cell population was displayed on the flow cytometer.

One typical display of mouse SP cells is shown in Figure 1A

where 0.16% cells of the total bone marrow can be identified as

SP cells. In order to confirm that these cells indeed represented

the SP phenotype, the bone marrow cells were treated with

Verapamil (2 µg/mL) before staining; in these cells only 0.01%

SP cells could be identified (Figure 1B). Three separately pre-

pared protein preparations were analysed to check the repro-

ducibility from both the cell types. In our experimental condi-

tions the yield of SP cells in the TBM cell suspension varied

between 0.05-0.2% from experiment to experiment. These cell

percentages correspond to the figures reported by other work-

ers (Scharenberg et al., 2002, Jonker et al., 2005).

Two-DE Analysis and Protein Identification

Fifty µg proteins per gel from mouse SP and TBM cells were

analyzed by 2DE as described.  In our conditions proteins hav-

ing molecular weights between 19 kDa and 110 kDa, and iso-

electric points between 4 and 7 were well resolved. The results

of the silver stained protein spots seen in TBM and SP cells are

shown in Figure 2A and Figure 2B respectively. The same spots

represented by green and red are shown in a template form in

Figure 3A and Figure 3B where green and red colors represent

spots from TBM and SP cells respectively. Proteins from TBM

cells were analysed by 2DE four times and those from SP cells

3 times and identical spot pattern was seen in each experiment.

PD Quest 2DE analysis of the gels, which aids in the com-

Figure 1: 2D dot plots of the flow cytometric analysis of SP cells from the bone marrow of adult mice. Hoechst dye efflux in TBM

without (panel A) and with verapamil (panel B) was assayed by flow cytometry as described in the text. The percentages of SP cells

in the gated area are indicated.
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Figure 2: Silver stained 2-D gel images of TBM and SP cells of mouse bone marrow. 50 µg protein from cell lysates of TBM (A) and

SP (B) cells were subjected to 2-DE followed by silver staining and image analysis. IEF (pH 4-7 linear gradient) is in the horizontal

direction and SDS-PAGE (10% gel) is in the vertical direction.

Figure 3: Templates of the spots prepared from 2-DE gels of TBM and SP cells of the mouse. All spots shown in panels A (green)

and B (red) respectively correspond to the silver stained proteins seen in Figs 2A & 2B. In panel 3C, spots common to both the cell

types as determined by PD Quest analysis (overlapping spots in Fig 2A & 2B) are shown in blue color. Panel 3D shows proteins

expressed exclusively in TBM (green) or SP cells (red). Spots marked by an arrow were excised from the TBM gels and digested

with trypsin and the peptides were used for MS/ MS analysis
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parative identification and quantification of proteins isolated in

2DE, was used to evaluate the positions and protein expression

in the 2DE gels. This analysis showed 233 spots seen in TBM

and only 112 spots in SP cells. All spots seen in the 2DE of SP

cells were also seen in TBM cells indicating that among the

total proteins of TBM cells approximately 50% were also present

for the proteome of SP cells. A comparison of these 112 com-

mon proteins expressed in both SP and TBM cells showed that

29 proteins were over expressed and 17 proteins were under

expressed in SP cells.

Comparative Analysis of TBM and SP Cell Proteins With

Other Studies

To date there is no report available on the proteomic profile

of mouse TBM cells. Previous reports have studied bone mar-

row proteins before and after chemical or radiation damage and

their derivations. For instance Chen et al. have studied the

proteome of the “plasma” obtained from mouse bone marrow

in response to radiation damage and identified 21 proteins in

the pH range of 4-7 (Chen et al., 2005). A comparison of their

data with the present study revealed β-actin, γ-actin and HSP 71

(cognate) as common proteins expressed in the SP cell proteome.

Similarly, the study of Kim et al., (2005), who reported 11 differ-

entially expressed proteins from PTH treated mouse bone mar-

row cells in the same pI range (4-7), shows aldehyde dehydro-

genase (Aldh2), calreticulin and vimentin as common proteins

seen in the mouse TBM and SP cells. It is important to note that

all these proteins are also expressed in many other kinds of stem

cells, as described in a recent review on stem cell proteomics

(Hoffrogge 2007).

Besides these two reports there are no other reports on the

TBM proteome of mouse hence, in this study we have attempted

to get a better resolution of proteins in a narrowly defined re-

gion of pI (4-7) and molecular weight (14-99 KDa), and iden-

tify as many proteins in that region as possible. Our second ob-

jective was to compare the proteins of SP cells  in the same

range with the proteins reported to be expressed in stem cells so

that the functional relationship between SP cells and stem cells

can be determined.

Functional Significance of SP Cell Specific Proteins

After confirming the identity of 24 proteins from SP cells, we

classified the proteins on the basis of comparative levels with

the TBM cells and their biological significance. Among the 24

spots for which we could obtain confirmed IDs by MALDI TOF-

TOF, 4 proteins (beta-actin, gamma actin, Vimentin and M2

pyruvate kinase) were over expressed (>2 folds) in SP cells.

Simiarly another set of 3 proteins (HSP8, HSP1, ATP synthase)

were down regulated. In general it can be said that most

cytoskeletal proteins (in particular different type of actins) were

up regulated in SP cells as compared to TBM cells.

Up Regulated Proteins

(a) Pyruvate Kinase : Over expression of genes of the glyco-

lytic pathway in bone marrow SP cells was shown by Liadaki et

al., (2005) using transcriptomic analysis (Liadaki et al., 2005). Another 

study, performed by Unwin et al., (2006), showed that long term recon-

stituting HSCs (Lin-Sca+Kit+; LSK+) over express glycolytic

proteins. These results are in concordance with our observation

where in the glycolytic enzyme pyruvate kinase (spot 24) is

upregulated. Pyruvate kinase is present as four different isozymes

(L, R, M1, M2), the expression of which differs from one tissue

to another. Hematopoietic stem cells and embryonic stem cells

express M2-PK, which is characteristic of tissues with high rates

of nucleic acid synthesis, and the isozyme switches from M2-

PK to R-PK during differentiation into erythroid lineage

(Mazurek, 2005; Takegawa, 1983). It is also a molecular marker

for hepatic oval cells, which have some phenotypic traits that

are typical of BM stem cells, an evidence suggesting that cells

in the adult organism have a remarkable degree of plasticity

(Petersen, 1999).

b) Vimentin: Expression of cytoskeletal proteins in stem cells

has been reported earlier. We observed the overexpression of

vimentin (spot No. 5) in SP cells. Vimentin is a member of the

intermediate filament family of proteins is responsible for main-

taining cell shape, integrity of cytoplasm and stabilizing

cytoskeletal interactions. It is characterized as a mesenchymal

stem cell marker and its enrichment in thyroid SP (Hoshi et al.,

2007), lung SP (Summer, 2003), adult liver stem cells (Herrara

et al., 2006) and the down regulation during differentiation

(Hoffroge et al., 2006; Seshi, 2006) throws light on stem cell like

properties. Changes in its expression and filament organization

have been reported in response to stresses such as heat shock,

and oxidative stress suggesting a role for the vimentin network

under conditions of strain.

c) Actins: The cytoskeleton is a dynamic structure capable of

reorganization as required by the cell type, specification, stage

of development and environmental conditions. Several mechani-

cal parameters like structure and dynamics of stem cells appear

to be regulated by the actin cytoskeleton and Yourek et al., (2007)

have shown stem cells to alter their cytoskeletal components

during differentiation. The expression of beta actin (spot 9) and

gamma actin (spot 11) increased in SP cells in comparison to

TBM cells.

The upregulation of these two cytoskeletal proteins Actin and

Vimentin was confirmed by immunostaining and confocal mi-

croscopy (Figure 4). As can be seen in the TBMC panel (Figure

4 A), the staining of cells for both actin (panel b) and vimentin

(panel c) is less or totally absent in comparison to the staining

Protein identification of the gel spots was done from the TBM

gels. 150 spots were subjected to trypsin digestion and analyzed

using MALDI TOF-TOF. Forty-four Proteins with confirmed

identities could be classified into 8 categories in accordance with

their function as documented in NCBI Gene Ontology database

and ExPasy (http://www.expasy.org/sprot/). These were

cytoskeletal proteins, stress response proteins, metabolic pro-

teins, signal transduction membrane proteins, transcriptional

regulators, immune response proteins and others. Specific pro-

tein identities could be established from 44 spots of which 24

were also seen in SP cells. The names and other details of these

proteins are given in Table 1(included as a supplementary in-

formation).  In some cases, different spots in the 2DE gels rep-

resent spots with the same MS/MS ID this can be accounted for

post-translational modifications, which could change the loca-

tion of the spot positions for same protein. Due to this overlap

the identities of many different spots in the Table 1 are either

similar or same.
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Figure 4: Expression profile of Actin and Vimentin in the TBM (A) and SP cells (B).  Cells were stained for DAPI, rhodamine

labeled phalloidin (for actin) and anti-vimentin antibodies as described in Materials and Methods, Sub-panels ‘a,b and c’ show DAPI,

actin and vimentin staining respectively and sub-panel d shows merged fluorescence of actin and vimentin.

 JPB/Vol.2/September 2009
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seen in the SP cells (corresponding panels in Figure 4B). The

size of the SP cells is also smaller.

Down Regulated Proteins

a) Stress response proteins:  Heat shock proteins and

chaperonins, including members of the 60-kDa and 70-kDa heat

shock protein families expressed in human CD34+ stem/progeni-

tor (Tao et al., 2005) and mouse embryonic stem (Nagano et al.,

2005) cells, were also observed in the SP proteome. This indi-

cates that SP cells possess the characteristics of cells under stress

and their response to various environmental stress conditions.

Son et al., (2005) have found HSPA8 protein to be markedly

downregulated upon differentiation and proposed it as a novel

cell-surface marker for undifferentiated human embryonic stem

cells (Son et al., 2005). This was consistent withour findings of 

down regulation of HSP 8 (spot 15) and HSP 1 (spot 18) in SP

proteome of mouse and to re-emphasize on stem cell like char-

acteristics of SP cells.

b)  ATP Synthase: Mitochondrial H+-ATP synthase is required

for cellular energy provision and for efficient execution of

apoptosis. Its contribution in apoptosis could be mediated via

ROS, produced during mitochondrial electron transport. The

generation of ROS is a physiological process that determines

the life span of cells and organisms (Feng et al., 2001). Mito-

chondria H+-ATP synthase β subunit protein expression is down

regulated in the SP cells. In this regard, and because of the cou-

pling between mitochondrial respiration and oxidative phospho-

rylation, the down-regulation of the H+-ATP synthase in SP cells

would limit the flux of electrons down the respiratory chain,

and therefore, the generation of the superoxide radical, a pro-

moter of DNA damage and likely a signal for induction of the

mitochondrial cell-death pathway. These findings have led us

to suggest that repression of the bioenergetic function of mito-

chondria is a special strategy of the SP cells in order to ensure

their perpetuation.

Similarity of Proteins Between SP cells and Other Stem Cells

In a recent proteomic study, the first of its kind, on rat mesen-

chymal stem cell differentiation induced by 5-azacytidine, 34

proteins in the pH range of 5-8 were identified (Ye et al., 2006)

and that data is strikingly similar to the proteins seen in our

analysis of mouse SP cells. Four proteins reported in this study

namely vimentin, glucose regulated protein (GRP), Eno-1 and

M2 pyruvate kinase are also seen in the mouse SP proteome.

Some other proteins like ATP synthase β chain and calreticulin

are expressed commonly in mouse SP cells and other types of

stem cells. The similarity of proteins expressed in mouse SP

cells and other stem cell differentiation associated proteins, is

seen in various stem cell types such as embryonic stem cells 

(Nagano et al., 2005, Elliott et al., 2004, Van Hoof et al., 2006)

hematopoietic stem cells (Tao et al., 2004) and neural stem cells

(Hoffrogge et al., 2006). These studies support the possibility

that SP cells could have stem cell like properties.

Proteins of SP Cells that Reflect their Stem Cell Like Prop-

erties

The stem cell niche consists of a specialized microenviron-

ment that nurtures and regulates the stem cell pool. Recent studies

have shown that oxygen can directly regulate the differentia-

tion of stem/precursor cells, and may participate in the mainte-

nance of stem cells in the stem cell niche. Notably, hematopoi-

etic stem cells are concentrated in hypoxic areas and can be

envisaged as a specialized cell-type, well adapted to an appar-

ently hostile milieu where, nevertheless, they undergo self-re-

newal. Under hypoxic conditions, the differentiation of stem

cells as well as precursor cells is inhibited and is shown to play

a critical role in the maintenance and multi-lineage ability of

the stem cell phenotype. As an adaptation to hypoxia, cells ex-

press increased amounts of glycolytic enzymes so as to adjust

to the anaerobic respiration. Recent quantitative proteomic analy-

sis of isolated bone marrow population based on cell surface

markers Lin- Sca+Kit+ (LSK) indicates that these cells express

high levels of glycolytic proteins (Unwin et al., 2006).

Aldehyde dehydrogenase, Aldh2 (spot 27) a novel marker for

stem cells, plays a critical role in their protection from alkylat-

ing agents. It is expressed highly in hematopoietic stem and pro-

genitor cells (Pearce and Bonnet 2007, Storms et al., 1999). This 

enzyme plays a significant role in Retinoic acid metabolism

known to be involved in diverse biological processes such as

embryogenesis, growth and differentiation. This is known to be

upregulated in various stem cell types but the expression levels

of it in SP cells are not significantly high. The expression of this

protein in SP cells re-emphasizes its stem cell like properties.

Enolase 1, alpha is a glycolytic enzyme that catalyzes con-

version of 2-phosphoglyceric acid to phosphoenolpyruvic acid.

Migration and differentiation of cells are associated with in-

creased rates of glycolysis and glucose transport. It is a bio-

chemical marker for epithelial stem cells and daughter cells.

Eno1 was reported to be present in progenitor cells (Yin et al.,

2005) and mouse ES cells (Nagano et al., 2005).

Rho GDP dissociation inhibitor (GDI) alpha (spot 32) is a

negative regulator of Rho GTPases, which play important role

in cell proliferation. Rho-GDI was shown to be down regulated

at the onset of murine HSC differentiation (Eckfeldt et al., 2005)

and its non-regulated expression in mouse ES cells (Nagano et

al., 2005; Elliott et al., 2004) can be ascertained to progenitor cell

phenotype.

ATP Binding Cassette transporter P-glycoprotein 2 (ABCG2)

a MDR 1 family member, has been associated with normal and

cancer stem cells in several reports (Seo et al., 2007; Gulati et al.,

2008; Pascal et al., 2007). Although we did not find the ABCG2

protein specific spot in our gel analysis we did the immuno-

cytochemical localization of this important stem cell marker on

mouse TBM and SP cells. The comparison of the staining of

sorted SP cells and TBMCs is shown in Figure 5. As can be

clearly seen SP cells showed a stronger staining for the trans-

porter protein than TBMCs indicating that SP cells in the mouse

bone marrow overexpress this protein.

This, in addition to the observation that SP cells like stem

cells modulate the production of ROS by up regulating the pro-

teins in glycolytic pathway, is significant evidence for support-

ing the contention that SP cells have stem cell like properties.

Conclusions

In this study we have described the proteome of SP cells ob-

tained from murine bone marrow and we have identified some
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Figure 5: Expression of the transporter protein ABCG2 in the TBM (A) SP cells (B) Sub-panels ‘a’ and ‘b’ show DAPI and ABCG2

staining respectively.

of the proteins that could be involved in regulating the proper-

ties of self-renewal and directed differentiation of SP cells. This

study also provides the first comprehensive analysis of the

proteome of the mouse bone marrow. Thus, these data could

enhance our understanding of the molecular mechanisms in-

volved in the regulation of the stem cell like properties of SP

cells in murine bone marrow.
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