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ABSTRACT
Recent studies have suggested the existence of a small subset of cancer cells called cancer stem cells (CSCs), which possess the ability to initiate
malignancies, promote tumor formation, drive metastasis, and evade conventional chemotherapies. Elucidation of the specific signaling
pathway andmechanism underlying the action of CSCsmight improve the efficacy of cancer treatments. In this study, we analyzed differentially
expressed proteins between glioma stem cells and differentiated tumor cells isolated from the human glioma cell line, U251, via iTRAQ‐tagging
combined with two dimensional liquid chromatography tandemMS analysis to identify proteins correlated with specific features of CSCs. Out of
a total data set of 559 identified proteins, 29 proteins were up‐regulated in the glioma stem cells when compared with the differentiated cells.
Interestingly, The expression level of S100A9was fivefold higher in glioma stem cells than differentiated cells. Similar results were also observed
in glioma stem cells derived from other glioma cells. More importantly, knockdown of S100A9 by RNA interference suppressed the proliferation
of glioma stem cell line and decreased the growth of xenograft tumors in vivo. Taken together, these results indicate that the tumorigenesis
potential of CSCs arises from highly expressed S100A9. J. Cell. Biochem. 114: 2795–2808, 2013. � 2013 Wiley Periodicals, Inc.
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Gliomas are the most malignant primary brain tumor.
Malignant gliomas are among the most devastating and

lethal cancers. Despite aggressive treatment approaches, the
therapeutics of gliomas is still poor, with the median survival time
remains less than 1 year [Ohgaki et al., 2004]. The poor survival is
primarily because of the recurrence of tumor and resistant to standard
therapies [Reardon et al., 2006]. Therefore, new strategies to treat
malignant gliomas are urgently needed.

There is increasing evidence that a small population of cancer stem
cells (CSCs) within solid tumors is responsible for tumor formation
and ongoing growth [Reya et al., 2001; Visvader and Lindeman,
2008]. The existence of CSCs has been demonstrated in GBMs [Galli
et al., 2004; Singh et al., 2004]. These CSCs share similar properties
with normal stem cells and have the ability to self‐renew,
differentiate and drive tumorigenesis. The CSCs are resistant to
radiation therapy [Bao et al., 2006] and chemotherapy [Liu et al.,

2006], and are considered to be the most likely cause of cancer
recurrence. It should be noted that recent findings have shown the
possibility of targeting CSCs for the treatment of brain tumors
[Piccirillo et al., 2006; Li et al., 2009a; Fan et al., 2010; Eyler et al.,
2011; Guryanova et al., 2011; Zhu et al., 2011]. Discovery of potential
therapeutic markers for CSCs is the intense interest.

Quantitative protein expression profiling allows efficient identifi-
cation of accurate and reproducible differential expression values for
proteins in multiple biological samples. Comparison of protein
expression profiles between tumors and normal tissues and among
different tumors may lead to discovery of disease specific targets and
biomarkers, and elucidation of molecular mechanisms. Isobaric tags
for relative and absolute quantitation (iTRAQ) combined with
multidimensional liquid chromatography (LC) and tandem MS
analysis is emerging as a powerful methodology in the search for
tumor biomarkers [Ross et al., 2004; Chaerkady et al., 2008; Eriksson
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et al., 2008; Glen et al., 2008; Pierce et al., 2008; Bijian et al., 2009;
Bouchal et al., 2009]. In this study, we describe a quantitative
proteomics analysis of glioma stem cells and differentiated tumor
cells using iTRAQ labeling followed by 2D LC–MS/MS approach. To
the best of our knowledge, the iTRAQ strategy has not been reported
to date in glioma stem cell.

Notwithstanding the fact that gliomas are highly heterogeneous,
we anticipated that the list of proteins aberrantly expressed within
this 2‐cell line model would reflect at least some of the types of
clinical gliomas and serve as a useful reference for future basic or
translational cancer research. S100A9 was identified as being up
regulated in the glioma stem cell in this study. Its role and mode of
action in glioma cell proliferation and growth were investigated.

MATERIALS AND METHODS

CELL CULTURE
U251, SHG44, and U87 cells was obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in
DMEM supplemented with 10% fetal bovine serum, 100U/ml
penicillin and 100U/ml streptomycin in a 5% CO2 atmosphere.
Glioma stem cells were cultured in SFM (serum‐free medium)
supplemented with DMEM/F12, 20 ng/ml basic fibroblast growth
factor (bFGF), 20 ng/ml epidermal growth factor (EGF), 20ml/ml B27
supplement, and 10 ng/ml leukemia inhibitory factor (LIF).

MAGNETIC CELL SORTING (MACS)
Cells were labeled with primary CD133/1‐PE antibody (Miltenyi
Biotec), then labeled with anti‐PE microbeads (Miltenyi Biotec), and
isolated on a MACS LS column (Miltenyi Biotec). All procedures were
performed according to the manufacturer0s instructions. Isotype‐
matched mouse immunoglobulins (Miltenyi Biotec) served as
controls. The purity of sorted cells was evaluated by flow cytometry
and immunofluorescent staining. Flow cytometry was done using a
FACScan (BD Biosciences). Data were analyzed by BD FACS datafiles
software, which is provided with the system.

FLUORESCENCE ACTIVATED CELL SORTING (FACS)
Cells were labeled with primary CD133/1‐PE antibody (Miltenyi
Biotec). All procedures were performed according to the man-
ufacturer0s instructions. Isotype‐matched mouse immunoglobulins
(Miltenyi Biotec) served as controls. Cells were sorted by using a
FACScan. Data were analyzed by BD FACS datafiles software, which
is provided with the system.

IMMUNOFLUORESCENT STAINING
The tumor spheres were pre‐incubated in DMEM plus 10% FBS for 4 h
in order to attach the coverslips which were coated by polylysine. The
cells were fixed by paraform for 30min and were washed by PBS
again three times. After blocked by 5% goat serum at 37°C for 30min.
The colonies were labeled with CD133 antibody (1:100 dilution,
mouse monoclonal, Santa Cruz, CA, USA), nestin antibody (1:100
dilution, rabbit monoclonal, Santa Cruz, CA, USA) at 4°C overnight.
Then the second antibody, Cy3‐conjugated goat anti‐mouse IgG
(1:100 dilution, BioLegend), and FITC‐conjugated goat anti‐ rabbit
IgG was added and incubated at 37°C for 1 h. For assessment of the

differentiation of those tumor spheres, GFAP (Glial fibrillary acidic
protein) (1:100 dilution, goat anti‐human ployclonal, SantaCruz, CA,
USA) used for incubation of these cells, and the appropriate second
antibodies were employed as described above, Nuclei were stained
with 50 ng/ml 40,6‐diamidine‐2‐phenylindole dilactate (DAPI) for
5min at room temperature then detected by a laser confocal
microscope(LeicaSP‐5, Germany).

SAMPLE PREPARATION
Glioma stem cell and differentiated tumor cell cultures were seeded in
10 cm2 diameter tissue culture plates and cultured for 24 h in serum‐

free stem cell medium. Cells were subsequently washed twice with
phosphate‐buffered saline, centrifuged, and washed with water to get
rid of the excess salts. Lysis buffer (20mM HEPES pH7.4, 1% Nonidet
P‐40, 150mM NaCl, 5mM MgCl2, 10% glycerol) containing
proteinase inhibitor was used to lyse cells. The concentration of
proteins was determined using 2D Quantification kit (Amersham
Biosciences, Uppsala, Sweden).

PROTEIN DIGESTION AND LABELING WITH ITRAQ REAGENTS
Trypsin digestion and iTRAQ labeling were performed according to
the manufacturer0s protocol (Applied Biosystems, Framingham, MA).
Briefly, From each cell lines, 100mg of proteins were evaporated to
dryness and dissolved in the solution buffer, denatured, and then
cysteines were blocked. Each sample was digested with 20ml of
0.1mg/ml trypsin (mass spectrometry grade; Promega, Madison, WI)
solution at 37°C overnight and then labeled with the iTRAQ reagents
(Applied Biosystems) as follows: (i) glioma cell—113 tag, (ii) Stem cell
—114, (iii) Glioma cell—115 tags, and (IV) Stem cell—116. The labeled
samples were pooled prior to further analysis.

ON‐LINE 2D LC
The mixed peptides were fractionated by strong cation exchange
chromatography on a 20AD HPLC system (Shimadzu) using a
polysulfoethyl column (2.1� 100mm, 5mm, 300Å; The MD Inc.) as
previously described. Briefly, the mixed peptides were desalted with
Sep‐Pak Cartridge (Waters, Milford, MA), diluted with the loading
buffer (10mM KH2PO4 in 25% acetonitrile, pH 2.6) and loaded onto
the column. Buffer A was identical in composition to the loading
buffer, and buffer B was same as buffer A except containing 500mM
KCl. Separation was performed using a linear binary gradient of 0–
80% buffer B in buffer A at a flow rate of 200ml/min for 60min.

Each strong cation exchange fraction was dried down, dissolved in
buffer C (5% acetonitrile, 0.1% formic acid), and analyzed on Qstar XL
(Applied Biosystems) as previously described. Briefly, peptides were
separated on a reverse‐phase (RB) column (ZORBAX 300SB‐C18
column, 5mm, 300Å, 0.1� 15mm; Microm) using a 20AD HPLC
system (Shimadzu). The HPLC gradient was 5–35% buffer D (95%
acetonitrile, 0.1% formic acid) in buffer C at a flow rate of 200ml/min
for 65min. Survey scans were acquired from 400–1,800 with up to
four precursors selected for MS/MS from m/z 100–2,000 using a
dynamic exclusion of 30S. The iTRAQ labeled peptides fragmented
under collision‐induced dissociation conditions to give reporter ions
at 113.1, 114.1, 115.1, and 116.1 Th. The ratios of peak areas of the
iTRAQ reporter ions reflect the relative abundances of the peptides
and, consequently, the proteins in the samples. Larger, sequence‐
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information‐rich fragment ions were also produced under these MS/
MS conditions and gave the identity of the protein from which the
peptide originated.

DATA ANALYSIS
The software used for data acquisition was Analyst QS 1.1(Applied
Biosystems). The software used for protein identification and
quantitation was ProteinPilot 2.0 (Applied Biosystems) with the
integrated Paragon™ search algorithm and Pro Group™ algorithm
(Applied Biosystems). The protein confidence threshold cutoff is 1.3
(unused ProtScore) with at least one peptide with 95% confidence. All
peptides used for the calculation of protein ratios were unique to the
given protein or proteins within the group, and peptides that were
common to other isoforms or proteins of the same family were
ignored. The software compares relative intensity of proteins present
in samples based on the intensity of reporter ions released from each
labeled peptide, and automatically calculates protein ratios and P‐
values for each protein. The average iTRAQ ratios from the two 2D
LC–MS/MS analyses (four iTRAQ ratios) were calculated for each
protein, and significant differences in protein expression levels were
determined by Student0s t‐test with a set value of P< 0.05.

WESTERN BLOTTING
Lysates of glioma stem cell and their differentiated offspring were
prepared in lysis buffer (20Mm HEPES pH7.4, 1% Nonidet P‐40,
150mM NaCl, 5mM MgCl2, 10% glycerol). The protein samples
(about 30mg) were separated by SDS‐PAGE. After SDS‐PAGE,
proteins were transferred to PVDF membranes. The membranes were
blocked 1 h with 1% BSA in TBS‐T buffer (20mmol/L Tris, pH 7.6,
100mmol/L NaCl2, 0.5% Tween‐20), followed by overnight of
incubation with the primary antibodies (1: 500 dilution), at 4°C,
including monoclonal and polyclonal antibodies against S100A9,
ATPA1, HSP90B1, CD44, and VIMENTIN, in TBS‐T buffer containing
1% BSA at room temperature. After washing three times with TBS‐T
buffer, themembranes were incubatedwith a horseradish peroxidase‐
conjugated goat anti‐mouse IgG, goat anti‐rabbit IgG, or rabbit anti‐
goat IgG as a secondary antibody (1:5,000 dilution) for 1 h at room
temperature. After the membranes were washed three times in TBS‐T

buffer, the reactions were visualized with ECL detection system. All
Western blot analyses were repeated at least three times.

REAL TIME QUANTITATIVE PCR
Total RNA was isolated with the TRIzol method (Invitrogen). The
first strand cDNA was synthesized from 1ug of total RNA using
reagents from Takara. Real time PCR (Bio‐Rad) was performed
using custom SYBR assays (Takara) following the manufacturer0s
instructions. The specific primers for ATP1A1 were 50‐TGCCCTGGA-
ATGGGTGTTGCT‐30 (forward) and 50‐TTCTCCACCCAGCCGCCAGG‐
30 (reverse), for PGK1 they were 50‐GCGACCCTTCCTGGCCATCC‐30

(forward) and 50‐TGCCAATCTCCATGTTGTTGAGCAC‐30 (reverse), for
S100A9 they were 5‐TGGCTCCTCGGCTTTGACAGAGT‐3 (forward)
and 50‐TGGGTGCCCCAGCTTCACAGA‐30 (reverse), for CD44 they
were 50‐ATCGGATTTGAGACCTGCAGTTTGC‐30 (forward) and 50‐
AGACTTGCTGGCCTCTCCGTTGA‐30 (reverse), for HSPB1 they were
50‐CTCAGCAGCGGGGTCTCGGA‐30 (forward) and 50‐TCGTGCTTG-
CCGGTGATCTCC‐30 (reverse), and for PPIA they were 50‐TGGGCC-
GCGTCTCCTTTGAG‐30 (forward) and 50‐GTCACCACCCTGACACA-
TAAACCCT‐30 (reverse). We used 18s RNA as an internal control. All
PCRs were performed in triplicate.

LENTIVIRAL CONSTRUCTS AND TRANSDUCTION
Knockdown of S100A9 was achieved through the use of lentiviral
vector–mediated short hairpin RNA (shRNA) interference using
Mission RNAi system clones (Sigma–Aldrich). S100A9‐targeting
lentivirus and the nontargeting control lentivirus were produced in
HEK293FT cells with the ViraPower Lentiviral Expression System
(Invitrogen). Three different shRNA clones were characterized in
terms of knockdown efficiency using S100A9 immunoblotting of
glioma stem cells infected with lentiviruses encoding S100A9
shRNA or a nontargeting control shRNA. The most efficient clone
was used for all further experiments. Produced lentiviruses were
concentrated by using Centricon Plus‐20 centrifugal filter device
(Millipore). To ensure the same number of S100A9‐targeting and
the control lentiviruses were used in the same experiment,
produced lentiviral stock was titered and stored according to the
manufacturers instruction (Invitrogen). For in vitro infection of

Fig. 1. A: The ratio of CD133‐positive GSCs in glioma cell line U251 was determined using flow cytometry (FCM). A: The control group incubated with isotype control antibody.
B: Experimental group incubated with CD133‐PE.
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Fig. 1 Continued. B: Immunofluorescent staining of glioma stem cell spheres for CD133 (red), nestin (green), and Nuclei (blue). C: GFAP immunofluorescent staining in
differentiated glioma stem cells.
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glioma stem cells with the lentivirus, cultured neurospheres were
disaggregated before infection to increase the infection efficiency
and uniformity.

CCK‐8 ASSAY
In vitro proliferation of the transfected cells was measured using
CCK‐8 (Cell Counting Kit‐8) assay. U251 and SHG44 glioma stem
cells transfected with lentivirus expressing nontargeting shRNA
(sh‐NC) or S100A9‐targeting shRNA (sh‐S100A9‐1) for 48 h were
plated at a density of 1,000 cells/well onto 96‐well plates. For
7 days, cell viability was measured using CCK‐8 (Sigma, MO, USA)

and quantified by Bio‐Tek Instruments EL310 Microplate Autor-
eader every day.

IN VIVO TUMORIGENESIS
U251 and SHG44 glioma stem cells transfected with lentivirus
expressing nontargeting shRNA or S100A9‐targeting shRNA were
suspended in PBS and then injected subcutaneously in the right
flank of athymic nude mice (2� 106 cells/mouse, five mice/group).
Tumor growth curve was plotted by means of tumor volumes
monitored at indicated times. Tumor volume was calculated
according to the following formula: length� (width)2/2. The mice

Fig. 2. A representative MS/MS spectrum showing the peptides from S100A9. U251 glioma cell were labeled with iTRAQ 113 and 115 tags, and U251 stem cell were labeled with
iTRAQ 114 and 116 tags. Thus The 114:113 and 116:115 ratios indicate the relative abundance of the proteins from the stem cell line compared to the differentiated progeny.
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were killed at day 25, and the xenograft tumors were dissected and
weighed.

TISSUE SAMPLES
Tissue samples were provided in the form of tissue microarrays (US
Biomax, Inc., Rockville, MD, USA Catalog No. GL722 and GL807).
Fifteen of the 50 samples had a GBM (age: 36� 17 years; 6 females
and 9 males); 20 samples had a WHO grade III astrocytoma (age:
46� 11 years; 7 females and 12 males); 10 samples had a WHO grade
II astrocytoma (age: 42� 12 years; 5 females and 8 males); five
samples had a WHO grade I astrocytoma(age: 42� 10 years; 1
females and 2 males); eight samples were from normal subjects (age:
41� 10 years; 4 females and 4 males). The tissue samples were
originated from different donors and each sample had at least two
replicates. The glioma tissue sections are from the tumor areas and do
not include the adjacent normal tissues.

IMMUNOHISTOCHEMICAL ANALYSIS OF TISSUE MICROARRAYS
Immunohistochemical staining was performed using tissue micro-
arrays.Theparaffin‐embedded5mmarraysweredewaxed inxylene for
10min and rehydrated through a series of alcohol solutions (100%
ethanol twice, 90%ethanol, 70%ethanol, 5min each) towater.Antigen
retrieval was achieved by boiling the arrays in a citrate buffer at pH6.0.
Endogenous peroxidase activitywas blockedusing6%H2O2. The tissue
microarrays were blocked with 2% normal goat serum and incubated
with rabbit antihuman S100A9monoclonal antibody overnight at 4°C.
Immunodetection was performed using the EliVision™ plus system
(Sigma) according to the manufacturer0s instructions. Hematoxylin
counterstain was used to visualize nuclei. The S100A9 expression level
ineachtissuesectionwasassessed innonnecroticareasof threeseparate
microscopic fields of view under a magnification of 20� and was
represented by the mean of the percentage of S100A9þ cells.

STATISTICAL ANALYSIS
Data were analyzed using GraphPad Prism (version 5.0) (GraphPad
Software, La Jolla, CA). Data points in graphs represent the
mean� SD and P< 0.05 is considered significant.

RESULTS

INDUCTION OF GLIOMA STEM CELLS
U251 cell became floating neurospheres following cultivation in
NSC‐medium for 7–10 days. CD133þ glioma stem cells were
successfully isolated from the U251 cell‐generated neurospheres
using CD133 isolation. The ratio of CD133þ glioma stem cells was
analyzed using flow cytometry assay. As shown in Figure 1A.
When cultured in NSC medium, the CSCs grew in suspension and
presented features associated with stem cells, including a sphere‐
like shape, and the ability to self‐renew and differentiate.
Immunofluorescent staining for nestin and CD133 was positive
in the stem cell (Fig. 1B).

DIFFERENTIATION OF GLIOMA STEM CELLS
The induced glioma stem cells began differentiating after being
culturing in DMEM/F12 mediumwith 10% FBS. After 4 h of culturingT
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in the differentiation medium, the stem spheres adhered to the well
walls, without tumor cells migrating from the spheres, whereas a
small proportion of the tumor cells migrated out from the spheres
after 24 h in culture. On the day 3, more tumor cells migrated to
greater distances and the tumor spheres flattened. On day 7,
proliferating tumor cells covered the bottoms of the flasks and
masked primary tumor cells. The differentiated cells were positive
GFAP staining (Fig. 1C).

PROTEOME DIFFERENCES BETWEEN GLIOMA STEM CELLS AND
THEIR DIFFERENTIATED CELLS
Total protein was harvested from the cells as described in the
experimental procedures section. The proteins were digested with
trypsin, labeled with iTRAQ reagents, and analyzed using tandem
mass spectrometry in order generate a profile for the protein levels in
glioma stem cells and their differentiated cells. To increase the protein
identification coverage and the confidence in the data generated, we

prepared and analyzed two biological replicates. Protein from the
human U251 glioma cell was labeled in duplicate using mass 113 and
115 isobaric iTRAQ tags, while the stem cell was labeled in duplicate
using the mass 114 and 116 isobaric iTRAQ tags. The 114:113 and
116:115 ratios indicate the relative abundance of the proteins from
the stem cell line compared to the differentiated progeny. An example
is the overall iTRAQ data for the S100A9 protein. The MS/MS spectra
for one of its peptides and the relative levels of the iTRAQ tags
extracted from the ProteinPilot™ software are shown in Figure 2.

A total of 559 unique proteins were identified with 95% confidence
by the ProteinPilot search algorithm against the IPI human protein
database v3.41.Although the relative quantification analysis done
with the ProteinPilot 2.0 software includes a statistical analysis, most
statistical methods used are subject to technical variation. Examina-
tion of the average values and the standard deviations for the data
from duplicate experiments revealed that the overall variation was
less than 30%. This is consistent with the various published and

Fig. 3. A: Pie chart showing the various functional categories as a percentage of the 65 differentially expressed proteins according to PANTHER. B: Relative mRNA expression
levels of ATP1A1, HSPB1, S100A9, CD44, PPIA, and PGK1 after normalization to 18s RNA levels as determined by real‐time RT‐qPCR. The glioma U251 stem cells showed obvious
up‐ or down‐regulation of mRNA levels compared to the glioma U251 cells; these changes were identical with the protein level changes observed in the iTRAQ analysis. C: Western
blot analyses for selected candidate proteins (S100A9, CD44, ATPA1, VIMENTIN, and HSP90B1) in the conditioned medium of glioma U251 cells and glioma U251 stem cells. Total
protein stained with Tubulin was included to show relative loading amounts. And 116:115 ratios indicate the relative abundance of the proteins from the stem cell line compared to
the differentiated progeny.
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unpublished iTRAQ studies. Therefore, we included an additional 1.3‐
fold change cutoff for all iTRAQ ratios (ratio< 0.77 or> 1.3) for
classifying proteins as being up‐ or down‐regulated, resulting in a
high and low range of 1.3 (1� 1.3)–0.77 (1/1.3), respectively. In other
words, proteins with iTRAQ ratios below the low end of the rangewere
considered to be under‐expressed, whereas those above the upper end
of the range were considered to be over‐expressed. Using these
classification criteria, we found 65 proteins whose expression levels
differed between the glioma stem cell and differentiated cells
(Table I).

CLASSIFICATION OF PROTEINS BASED ON MOLECULAR AND
CELLULAR FUNCTIONS
In our analysis, we selected 65 proteins as having altered expression
in the glioma cell using proteomic techniques. We categorized the
proteins based on their functional assignments using PANTHER
software (www.pantherdb.org) (Fig. 3A). The proteins provided
similar results. The 17 categories of modules and gene ontology
terms overlapped for the genes identified as having significant
differences based on the proteomics analysis. The molecular
functions reported include kinase activity, oxidoreductase activity,
isomerase activity, peptidase activity, lyase activity, hydrolase
activity, transferase activity, protein binding activity, DNA binding
activity, translation factor activity, structural molecules (ribosome
and cytoskeleton), chaperone activity, RNA splicing factor activity,
calcium ion binding activity, receptor activity, and transporter
activity.

VALIDATION OF ITRAQ DATA USING SELECTED CANDIDATES
Based on the importance of the candidate proteins, the availability of
commercial antibodies and the degree of differential expression, we
selected candidates of interest for further test using Western blot
analysis and RT‐qPCR. In order to provide original and in‐depth
insights into glioma stem cell, we selected one candidate, S100A9, for
further analysis because it had not previously been reported as being
aberrantly expressed in glioma stem cell. We detected a fivefold
difference in the protein level of S100A9 expression in glioma stem
cells compared to differentiated cell according to iTRAQ data.
S100A90s relationships with several interesting pathways involved in
tumor development and progression also highlights the potential
importance of this gene. S100A9 is a member of the S100 family,
which has been implicated in a Ca2þ signaling network and the
regulation of numerous intracellular activities, including cell growth,
differentiation, migration, adhesion, and enzymatic activity. S100
proteins have been previously detected in acute and chronic
inflammation and are regarded as pro‐inflammatory cytokines
[Hobbs et al., 2003]. Subsequently, it was shown that the differential
expression of S100A9 contributes to the development and progres-
sion of various types of cancer and that it may be a marker for the
growth by malignant tumors. The rest of the proteins are known to be
associated with cancer [e.g., CD44, VIM, and Peptidyl‐prolyl cis–
trans isomerase A (PPIA)], to represent emerging drug targets [e.g.,
heat shock protein (HSP90B1) and (HSPB1)], ATP1A1, and
Phosphoglycerate kinase 1 (PGK1). The relative levels of the majority
of these proteins in U251 glioma cell versus the stem cell are presented
in Figure 3B and C, which show that the differential expression levels

of the candidate proteins as detected by RT‐qPCR and immunoblot-
ting are largely congruent with those obtained by iTRAQ.

S100A9 IS HIGHLY EXPRESSED IN GLIOMA STEM CELLS
We verified the up‐regulation of S100A9 in U251 glioma stem cells
and their differentiated stem cells by western blotting. As shown in
Figure 4, S100A9 protein were strongly expressed in U251 glioma
stem cells, whereas rarely detected in their differentiated progeny.
To determine whether S100A9 is also highly expressed in
glioma stem cells derived from different cell, we examined its
level in CD133þ cells isolated from two glioma cell lines SHG44
and U87. The protein levels of S100A9 were much higher in the
glioma stem cells of SHG44 and U87 than their differentiated
progeny (Fig. 4).

S100A9 REGULATES GLIOMA STEM CELLS PROLIFERATION IN VITRO
AND IN VIVO
To further investigate the effect of S100A9 on glioma growth, glioma
stem cell, and SHG44 glioma stem cell was transfected with shRNA‐
expressing vector to knock down the S100A9 expression. Real time
qPCR and Western blot showed that S100A9 expression was
markedly decreased in cells transfected with sh‐ S100A9‐1 or sh‐
S100A9‐2 vector compared with cells transfected with sh‐NC vector
and cells without transfection (U251GSCs‐N and SHG44GSCs‐N)
(Fig. 5A). To investigate the effect of S100A9 knockdown on cell

Fig. 4. S100A9 is highly expressed in Glioma stem cells. Expression of S100A9
in three glioma stem cells and their differentiated cells were detected byWestern
blot (A). Tublin was used as an internal control. The intensity values of S100A9
expression in various cell lines were normalized against those of controls and
shown (B).
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proliferation, growth of cells was assessed by CCK‐8 assay. As shown
in Figure 5B, knockdown of S100A9 obviously decreased prolifera-
tion of U251 glioma stem cell and SHG44 glioma stem cell cells
cultured in vitro. Furthermore, we evaluated the effect of S100A9 on
tumor growth in vivo using a xenograft model. U251 glioma stem cell

and SHG44 glioma stem cell transfected with sh‐ S100A9‐1 or sh‐NC
vector were implanted in nude mice subcutaneously, and tumor size
was measured every 5 days. The mice were killed at day 25, and the
tumors were dissected and weighed. As shown in Figure 5C, the cells
with S100A9 knockdown resulted in slower growing xenografts as

Fig. 5. Tumor cell proliferation assessed by CCK‐8assays and tumor xenografts. A: U251 glioma stem cells (1) and SHG44 glioma stem cells (2) were transfected with two vectors
expressing different shRNAs silencing S100A9 (sh‐S100A9‐1 and sh‐S100A9‐2) or negative control vector (sh‐NC). Knockdown efficiencies of two independent shRNAs were
assessed by real time PCR (upper panel) and Western blot (lower panel). B: Proliferation of the U251 glioma stem cells (1) and SHG44 glioma stem cells (2) stably transfected with
sh‐S100A9, sh‐S100A9‐2, and sh‐NC were analyzed by CCK‐8 assay. The data are expressed as the means� S.D. from five replicates in each group. C: U251 glioma stem cells (1)
and SHG44 glioma stem cells (2) stably transfected with sh‐S100A9‐1 or sh‐NC were injected subcutaneously in the right flank of athymic nude mice (2� 106 cells/mouse, five
mice/group). Tumor volume was monitored at indicated times, and tumor growth curves were plotted (top panel). The data are expressed as the means� S.D. from five mice in each
group. The mice were killed at day 25, and the xenograft tumors were weighed (middle panel) and shown (bottom panel). The data shown are representative of three independent
experiments.
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compared with cells with control vector. In 25 days, tumors from
S100A9 knockdown cells were on average 60% smaller in weight
than tumors from control cells (U251:0.09 vs. 0.3 g, respectively;
SHG: 0.63:0.24, P< 0.05, t‐test). The results indicated that the down‐
regulation of S100A9 expression decreased the growth of glioma
cells.

S100A9 IS A TARGET FOR HIGH‐GRADE GLIOMAS
Expression levels of S100A9 were assessed immunohistochemically
using tissue microarrays containing 50 gliomas of different WHO
grades and eight normal subjects. Substantial differences in
S100A9 staining were observed between high‐grade and low
grade gliomas. S100A9 was not detectable in normal brains
(Fig. 6A), WHO grade I astrocytomas (Fig. 6B), and most of WHO II
astrocytomas (Fig. 6C). In contrast, the expression of S100A9 was
dramatically higher in WHO grade III astrocytomas (Fig. 6D) and
GBMs (Fig. 6E).

The S100A9 expression level in each tissue section was
semiquantitatively represented by the percentage of S100A9þ cells.
The relative S100A9 expression levels in normal brains, WHO grade I
astrocytomas, WHO grade II astrocytomas, WHO grade III astrocyto-

mas, and GBMs are shown in Figure 6F. All normal brains and WHO
grade I astrocytomas showed zero S100A9 levels. In patients with
WHO grade II astrocytomas, S100A9 was either not detectable (10 of
13, 77%) or expressed in less than 1% of cells (3 of 13, 23%). As to
high‐grade gliomas, S100A9 was detectable in all tested samples,
with an average S100A9 level of 39.6% for WHO grade III
astrocytomas (range: 22.4–58.2%; n¼ 19) and 42.9% for GBMs
(range: 25.6–60.5%; n¼ 15). No significant difference in S100A9
expression was observed between grade I and grade II astrocytomas
(P> 0.05), neither was there between grade III astrocytomas and GBM
(P> 0.05). However, the expression levels of S100A9 in high‐grade
gliomas were significantly higher than in low grade gliomas
(P< 0.05). As S100A9 was highly expressed in high‐grade gliomas
but it was almost not expressed in low grade gliomas and normal
brains, S100A9 may serve as a target for high‐grade gliomas.

DISCUSSION

In the present study we have used a proteomics approach to identify
potential regulators of the cancer stem cell in glioma. We identified

Fig. 5 Continued.
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known (S100A9) and novel factors enriched in cancer stem cell
cultures when compared with stably differentiated tumor cells.
Interestingly, PANTHER software revealed that calcium‐binding
proteins are significantly enriched in glioma stem cell when
compared with differentiated tumor cells. Future work should reveal
the function of these proteins in themaintenance of glioma stem cells.

Importantly, CSCs were also characterized by high expression of a
set of proliferation proteins, the most prominent of which was
S100A9. S100A9 deletion is associatedwith tumor growth in vivo and
vitro studies. Furthermore, S100A9 deletion promotes p53 stabiliza-
tion and caspase 3 activation [Li et al., 2009b].

Our data show that specifically glioma stem cell cultures display
increased growth and that S100A9 is an important mediator of
growth. S100A9 belongs to the family of S100 proteins, which are
calcium‐binding cytosolic molecules characterized by a conserved
EF‐hand motif. There are presently 20 known members of the S100
family, and the genes encoding most of them are located in a cluster
on chromosome 1q21 in humans, where several chromosomal
abnormalities have been linked with neoplasia [Petersen
et al., 2000; Goeze et al., 2002; Knosel et al., 2002; Jee et al., 2003;
Koon et al., 2004; Sy et al., 2004, 2005; Moinzadeh et al., 2005]. S100
proteins mediate various cellular processes including cell growth,

Fig. 6. Immunohistochemical staining for human S100A9 in different grades of astrocytomas and normal brains. Paraffin‐embedded tissue microarrays were stained using an
anti‐human S100A9 antibody. S100A9 was not detected in normal brain (A), astrocytoma WHO grade I (B), and diffuse astrocytoma WHO grade II (C). In contrast, moderate or
strong staining for S100A9 was observed in anaplastic astrocytomaWHO grade III (D) and GBMWHO grade IV (E). Hematoxylin counterstain was used to visualize nuclei. Scale bar,
100mm. F: Scatter plot of S100A9 expression levels in n¼ 50 patients with different grades of astrocytomas and n¼ 8 normal subjects. The S100A9 expression level of each tissue
sample was represented by the percentage of S100A9þ cells. Each point corresponds to the S100A9 expression level of a single sample. S100A9 expression levels were significantly
elevated in patients with high‐grade astrocytomas (WHO grade III and IV). Astro 1 represents astrocytoma WHO grade I; Astro 2 represents diffuse astrocytoma (WHO grade II);
Astro 3 represents anaplastic astrocytoma (WHO grade III); GBM represents glioblastoma multiforme (WHO grade IV).
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differentiation, cell migration, and cell adhesion [Kerkhoff
et al., 1999; Li et al., 2004; Li and Bresnick, 2006]. In addition, the
role of S100 proteins in malignant tissues has been studied for several
years. To date, S100A2, S100A4, S100A6, S100A7, S100A11, S100P,
and S100B have all been reported to associate with human cancers
[Heizmann et al., 2002; Marenholz et al., 2004]. Little is known about
the clinical role of S100A9 in cancer, our results are in line with
previous studies showing that CSCs express high levels of anti‐
apoptotic proteins and resist apoptotic stimuli.

Because S100 play an important role in tumor maintenance and
growth they represent attractive targets for targeted therapy.
Furthermore, S100 are highly expressed in several cancer tissues.
S100A9 forms a heterodimer with S100A8, and the S100A8/A9
complex is known to be associated with leukocyte adhesion and
transendothelial migration [Hobbs et al., 2003; Manitz et al., 2003].
In addition, S100A9 was recently reported to be expressed in breast
cancer, gastric cancer, prostate cancer, hepatocellular carcinoma,
and lung cancer [Arai et al., 2000, 2001, 2008; El‐Rifai et al., 2002;
Hermani et al., 2005; Moon et al., 2008], suggesting that S100A8/
S100A9 promotes inflammatory responses in infections and is a
potent amplifier of inflammation in autoimmunity, cancer
development, and tumor spreading and S100A9 may have an
important role in cancer. S100A8/A9 interacts with RAGE and
carboxylated glycans in colon tumor cells and promotes activation
of MAPK and NF‐kB signaling pathways. Mice lacking S100A9
show significant reduced tumor incidence, growth and metastasis,
reduced chemokine levels, and reduced infiltration of CD11b(þ)Gr1
(þ) cells within tumors and premetastatic organs [Ichikawa
et al., 2011].

Based on the data presented here we propose that targeting S100A9
by RNAi or by novel specific S100A9 inhibitors may therefore be
effective in anticancer. This may help eradicating the cancer stem cell
fraction in glioma.
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