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Glioblastoma multiforme (GBM) is one of the most com-
mon brain malignancies and has a very poor prognosis. 
Recent evidence suggests that the presence of cancer 
stem cells (CSC) in GBM and the rare CSC subpopulation 
that is resistant to chemotherapy may be responsible for 
the treatment failure and unfavorable prognosis of GBM. A 
garlic-derived compound, Z-ajoene, has shown a range of 
biological activities, including anti-proliferative effects on 
several cancers. Here, we demonstrated for the first time 
that Z-ajoene specifically inhibits the growth of the GBM 
CSC population. CSC sphere-forming inhibition was achi-
eved at a concentration that did not exhibit a cytotoxic 
effect in regular cell culture conditions. The specificity of 
this inhibitory effect on the CSC population was confirmed 
by detecting CSC cell surface marker CD133 expression 
and biochemical marker ALDH activity. In addition, stem 
cell-related mRNA profiling and real-time PCR revealed the 
differential expression of CSC-specific genes, including 
Notch, Wnt, and Hedgehog, upon treatment with Z-ajoene. 
A proteomic approach, i.e., reverse-phase protein array 
(RPPA) and Western blot analysis, showed decreased 
SMAD4, p-AKT, 14.3.3 and FOXO3A expression. The pro-
tein interaction map (http://string-db.org/) of the identified 
molecules suggested that the AKT, ERK/p38 and TGFβ 
signaling pathways are key mediators of Z–ajoene’s action, 
which affects the transcriptional network that includes 
FOXO3A. These biological and bioinformatic analyses 
collectively demonstrate that Z-ajoene is a potential candi-
date for the treatment of GBM by specifically targeting 
GBM CSCs. We also show how this systemic approach 
strengthens the identification of new therapeutic agents 
that target CSCs. 
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INTRODUCTION 

 
Glioblastoma multiforme (GBM) is one of the most common 
and highly lethal brain malignancies (Bielen=et al., 2011). GBM 
patients have a poor prognosis and a median survival of ap-
proximately one year after diagnosis (Bielen et al., 2011). The 
poor clinical outcome of the disease is unlikely to be overcome 
by conventional treatment, emphasizing the need to develop 
novel therapeutic strategies (Eyler=et al., 2011).  

Increasing evidence suggests that GBM contains a highly 
tumorigenic subpopulation of cells that is responsible for tumor 
initiation and progression (Hyun=et al., 2011). Because these 
cells shows stem cell-like properties, such as self-renewal and 
differentiation into other cell types, these cells are referred to as 
cancer stem cells (CSC) or tumor initiating cells (Soeda=et al., 
2009). Largely due to the dormant nature of stem cells, CSCs 
are resistant to chemo- and radiotherapy (Dean=et al., 2005; 
Gangemi=et al., 2009). Although conventional chemoregimens 
combined with aggressive radiation may kill the majority of 
cancer cells in a tumor mass, the treatment-resistant CSC pop-
ulation continues to survive and self-renew, ultimately leading 
to treatment failure and recurrence of the cancer (Hyun et al., 
2011). Therefore, surgical resection with combined therapy for 
CSCs may be a potential solution to eradicate this malignant 
cancer (Lu=et al., 2011). 

Z-ajoene was first isolated from processed garlic in an E/Z-
mixture (Block et al., 1984; Kaschula=et al., 2012). It has been 
reported that Z-ajoene functions as an antioxidant agent and 
may be a potent antithrombotic agent (Kaschula et al., 2012). It 
has also been reported that Z-ajoene has anti-proliferative ef-
fects on several cancer cells at high concentration (Li= et al., 
2002; Taylor=et al., 2006). However, the effects of Z-ajoene on 
the CSC population have not yet been reported. In this study, 
we examined the potential of Z-ajoene to specifically target 
GBM CSCs and found that it suppressed anti-GBM CSC 
sphere growth. Tests for known CSC markers revealed that Z-
ajoene treatment might specifically target CSC activity. We also 
investigated the mechanism of this anti-CSC effect using a 
proteomics approach (reverse-phase protein array, RPPA). The 
molecules identified by mRNA profiling, real-time PCR, RPPA 
and western blot analysis were analyzed using bioinformatics 
approaches to unveil the systemic action of Z-ajoene in CSCs 
of GBM.  
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MATERIALS AND METHODS 

 
Reagents and cells 
Z-ajoene was prepared as described previously (Lee da=et al., 
2012). The human GBM cell lines U87 and U251 were ob-
tained from the American Type Culture Collection (ATCC, USA) 
and Dr. Mark Johnson (Brigham and Women’s Hospital), re-
spectively. OCT3/4-promoter-EGFP-transfected U87 cells were 
gifted from Dr. Hyunggee Kim (Korea University).  
 

CSC sphere culture 
PolyHEMA-(poly-2-hydroxyethyl methacrylate) (Sigma Aldrich, 
USA) was dissolved at a concentration of 5 mg/ml in 95% 
ethanol and overlaid on the surfaces of culture plates followed 
by complete drying. GBM cells were then resuspended in DMEM/ 
F12 medium (Invitrogen, USA) containing 20 ng/ml epidermal 
growth factor (EGF), basic fibroblast growth factor (bFGF) and 
B27 neural supplement (Invitrogen), in addition to 100 units/ml 
penicillin and 100 μg/ml streptomycin. =
 

CSC sphere formation inhibition assay 

U87 cells (1000 cells/well) were seeded and treated with differ-
ent concentrations of Z-ajoene in a 384-well black plate (Corn-
ing, USA). On the 3rd day, the compound was included with 
fresh media, which was added to each well. After 2 more days, 
Hoechst 33342 dye was added to each well, and an image 
reader Cytation3 (Biotek, USA). was used for quantitative 
sphere counting (≥ 100 μm). Each experiment was repeated in 
14 wells, and each data point represents the mean and stan-
dard error, as shown in the “Results”.  
 

Real-time RT-PCR analysis and stem cell RNA profiling 
Total RNA was extracted using the TRI reagent (MRC, Inc., 
USA). Real-time PCR was performed using the primer se-
quences listed in Supplementary Table 1. The expression level 
of each mRNA was normalized to the expression level of 
GAPDH or L32. 

For stem cell RNA profiling, RNA was reverse transcribed in-
to cDNA using the RT2 First-strand cDNA synthesis kit (Qiagen, 
USA) and transferred to each PCR array plate (Qiagen). Ana-
lyses were performed in triplicate using the Step-One Plus 
Real-Time PCR System (Applied Biosystems, USA). The ex-
pression level of each mRNA was normalized to the average 
expression of 4 housekeeping genes: GAPDH, B2M, β-actin, 
and HPRT1. The normalized data were then analyzed using 
the web-based software provided by QIAGEN (http:// 
www.sabiosciences.com/pcrarraydataanalysis.php). P-values 
were calculated using T-test. 
 

CSC markers FACS assay 
U87 (5 × 105 cells/ml) was seeded and treated with DMSO or 
2.5 μM Z-ajoene using sphere forming conditioned in 100 mm 
dishes. After 5 days, the dissociated cells were incubated with 
CD133-PE antibody (Miltenyi Biotec, USA) supplemented with 
FcR Blocking Reagent, human (Miltenyi Biotec). Cells were 
analyzed by flow cytometry (FACS Calibur™, BD Bioscience). 
For ALDF assay, the dissociated CSC was incubated with 
ALDEFLUOR™ reagent (StemCell Technologies, USA). ALDH 
positive cells were analyzed by flow cytometry (FACSCalibur™). 
 

RPPA and Western blot analysis 
U87 cells were cultured in sphere forming condition and treated 
with Z-ajoene for 12 h and total lysates were analyzed by MD 
Anderson core facility for RPPA. The clustering of samples and 

generation of heat map were performed by using the Cluster 
and TreeView programs. For Western blot, lysates were pre-
pared from the cells in monolayer or spherical culture condition. 
Antibodies to p-Erk, p-p38, p-pS6, p-AKT(Ser-473), p-AKT(Thr-
308) and p-GSK3 were obtained from Cell Signaling Technolo-
gy (USA). Antibodies to SMAD4, Erk1 and GAPDH were from 
Santa Cruz (USA).  
 

RESULTS 

 
Inhibitory effect of glioblastoma CSC sphere growth by  
Z-ajoene 
To examine the anti-CSC activity of Z-ajoene, we first optimized 
CSC-enriched culture conditions after coating cell culture plates 
with poly-HEMA (Fukazawa= et al., 1995). U87 cells formed 
typical spheres, and cells transfected with the OCT3/4p-EGFP 
plasmid (Gerrard=et al., 2005) expressed EGFP mainly in the 
surfaces cell layers, suggesting that the stem-like cells were 
enriched in the spheres. The mRNA expression of CD133, an 
extensively used GBM cancer stem cell surface marker (Singh=
et al., 2004), increased in the spherical culture compared to 
cells cultured in the serum-containing medium (Fig. 1B). The 
cells expressing the CD133 marker on the cell surface were 
also enriched in our CSC culture condition (Fig. 1C). We then 
employed this culture condition using hydrophobic coating and 
conditioned medium for the screening of the anti-CSC activity 
of the selected Z-ajoene. 

Previously, it was reported that Z-ajoene inhibited leukemia 
and melanoma cell growth at relatively high concentrations, 10-
40 μM (Dirsch=et al., 1998; Taylor et al., 2006). We examined 
whether Z-ajoene could disrupt the sphere-forming activity of 
GBM CSCs (Fig. 1D). Z-ajoene treatments of the U87 GBM cell 
line at 2.5 μM and 5 μM did not significantly inhibit cell growth in 
the regular monolayer culture condition (closed circle in Fig. 
1D). However, the treatment substantially inhibited the sphere-
forming activity of the cells in a dose-dependent manner at the 
same doses (opened circle in Fig. 1D). Z-ajoene also showed a 
similar inhibitory growth effect on CSCs of another GBM cell 
line, U251, suggesting that the observed anti-CSC sphere ef-
fect of Z-ajoene was not cell line-specific (Fig. 1E).  
 
Selective suppression of GBM CSC marker-expressing  
cells by Z-ajoene 
To further validate the specific inhibitory effect of Z-ajoene on 
the sphere-forming activity of GBM CSCs, we performed flow 
cytometry analyses using the CD133 cell surface antigen, 
which is believed to be the most robust surface marker for GBM 
CSCs, after 5 days of Z-ajoene treatment. The CD133+ subpo-
pulation in the CSC culture condition was significantly de-
creased in Z-ajoene-treated cells (from 78.0 ± 0.3% to 48.2 ± 
0.37%, Fig. 2A).  

We also employed the ALDEFLUOR™ assay, which meas-
ures the activity of the CSC-predominant enzyme, ALDH (alde-
hyde dehydrogenase), which is one of the most widely used 
CSC markers (Ginestier=et al., 2007). DEAB (diethylaminoben-
zaldehyde), an inhibitor of ALDH, was used as a negative con-
trol. Cells treated with DMSO (control) or 2.5 μM Z-ajoene were 
analyzed using flow cytometry and ALDEFLUOR staining (Fig. 
2B). After treatment with 2.5 μM Z-ajoene, the ALDH-positive 
cells decreased to 6.2%, compared with 14.2% for the DMSO-
treated control group. These results support our finding that Z-
ajoene specifically decreases the CSC population in GBM.  
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Fig. 1. Z-ajoene suppresses CSC sphere formation (A) EGFP-OCT3/4 expressing cells in U87-derived neurosphere, (B) CD133 mRNA ex-

pression level by semi-quantitative RT-PCR (left) and CD133 positive population by FACS analysis (right) showed that the CSC population 

increased in the spherical culture condition. (C, D) The effect of Z-ajoene on GBM cells, U87 (C) and U251 (D) in attached or spherical culture 

condition. DMSO was used as control. Spheres with 100 µm of diameter were only counted. Error bars represent standard errors. 

 
 
 
         A                              B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Z-ajoene treatment suppresses GBM U87 CSC. (A) Decrea-se of CD133 positive cells by Z-ajoene. The spheres were dissociated and 

labeled with CD133-PE-Ab followed by FACS analysis. (B) Decrease of ALDH positive cells by Z-ajoene. The sphere cells were dissociated to 

single cells and then incubated with ALDE-FLUOR substrate without or with DEAB, a specific inhibitor of ALDH.  
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Fig. 3. Gene expression changes in CSC sphere cells by Z-ajoene in 12 h. (A) Stem cell focused quantitative-PCR array revealed 13 genes, 

the expression is bigger than 2 fold or smaller then 1/2 of control with m=< 0.05. (B) Real-time PCR of Notch, Wnt and Hedgehog downstream 

genes.  

 
 
 
Modulation of stem cell-related gene expression by  
Z-ajoene 
We further investigated whether the expression levels of signal-
ing molecules known to control stem cell destiny were mod-
ulated by Z-ajoene after 12 h of Z-ajoene treatment, which was 
far earlier then when the decreases in cell number occurred 
(Fig. 3). We employed a genomics approach, i.e., a quantitative 
RT-PCR array for 84 known stem cell genes (http://www.sabio-
sciences.com/). The most significantly changed molecules are 
shown in Fig. 3A. As expected from the subsequent loss of the 
CSC population, the expression of several key molecules that 
regulate stem cell survival and maintenance were significantly 
modulated at this early time of treatment (Malhotra=et al., 2011). 
In triplicate experiments, Z-ajoene significantly increased the 
mRNA expression of GLI1, RBPJL, FZD5, FGFR4, PTCHD2, 
NFATC4, CREBBP, FZD8, PYGO2 and NOTCH3. Unexpec-
tedly, TCF7L2/LEF1 in the WNT pathway and BMPR2 and 
SMAD1 in the TGFβ signaling pathway were decreased by Z-
ajoene. We further confirmed that the downstream targets of 
the Notch, WNT and Hedgehog signaling pathways were down- 
regulated based on real-time PCR analyses (Fig. 3B). These 
results strongly suggested that the orchestrated signaling net-
work in CSCs was modulated by Z-ajoene after 12 h, and the 
following loss of the CSC population was most likely associated 
with the alterations of the signaling network caused by Z-ajoene.  
 
Potential mechanisms mediating the anti-CSC activity of  
Z-ajoene, identified by systemic approaches 
We pursued a proteomic approach, RPPA, to identify the intra-
cellular signaling that is modulated by Z-ajoene in CSC cells 
(clustered heat map for entire proteins is shown in Supplemen-

tary Fig. 2). Of the 171 different validated antigens related to 
cancer (http://www.mdanderson.org), 8 molecules showed sig-
nificant and clear differential expression (P < 0.05) upon treat-
ment with Z-ajoene (Fig. 4A). These molecules included TGFβ 
signaling-related molecules (SMAD4, ACVRL), an AKT down-
stream effecter (FOXO3A) and a molecule that is known to be 
associated with CSC signaling (c-Kit) (Mani=et al., 2008; Suna-
yama=et al., 2011; Zhang=et al., 2008). In addition, p-myosin, 
TIGAR, SF2, and 14.3.3, which have potential roles in CSC 
maintenance or differentiation, showed differential expression 
upon Z-ajoene treatment. We further performed western blot 
analysis for several molecules whose functions were related to 
the functions of the identified molecules (Fig. 4B). Consistent 
with the RPPA results, the level of SMAD4 protein was de-
creased, and the decreased FOXO3A expression demonstrat-
ed by RPPA was correlated with the downregulation of AKT 
signaling (p-AKT-Ser473, p-AKT-Thr308, and p-pS6) by Z-
ajoene as determined by western blot analysis. Because MAPK 
signaling was also found to have an important role in CSC 
maintenance and proliferation (Matsuda=et al., 2012), we ex-
amined the expression of p-ERK and p-p38. Surprisingly, those 
signaling molecules were activated by Z-ajoene in CSCs but 
not in the regular monolayer culture condition. Interestingly, 
many of these changes were specifically shown in the CSC 
sphere culture condition but not in the monolayer culture condi-
tion, suggesting that the CSC population contains specific tar-
geting machinery that is distinguishable from the regular cancer 
cell population. 
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DISCUSSION 

 
Anticancer treatments that can specifically target CSCs and are 
less toxic to normal cells can be more effective against cancer 
than conventional, cytotoxic agent-based chemotherapies (Hyun 
et al., 2011; Yoon=et al., 2012). In this study, we found that Z-
ajoene inhibited the sphere-forming activity of the CSC popula-
tion of GBM cells, which express CD133 and ALDH. Of note, 
this inhibitory effect on GBM CSCs was identified at a dose that 
did not significantly inhibit cell growth in the regular culture con-
ditions of the GBM cell lines áå= îáíêç. These findings suggest 
that Z-ajoene can be used as a selective chemo-agent to spe-
cifically target CSC activities in GBM without damaging other 
cells, but this possibility requires further validation using áå=îáîç 
tests. 

In this study, the anti-CSC effect of Z-ajoene was mainly eva-
luated after 5 days of treatment, which was when the maximal 
responses of the GBM cell lines to Z-ajoene were observed 
(Figs. 1 and 2). Interestingly, the changes in the mRNA expres-
sion of known stem cell genes, especially involved in NOTCH, 
WNT and Hedgehog signaling, were observed much earlier 
(i.e., 12 h after Z-ajoene treatment), suggesting that the anti-
CSC effects of Z-ajoene might be mediated by early transcrip-
tional changes in the key stemness genes. Thus, it is expected 
that Z-ajoene treatment changes the transcription of key stem-
ness genes, subsequently inducing the activation or deregula-
tion of a number of cellular signaling pathways and their asso-

ciated phenotypic changes. However, the modulation of the 
transcription of many genes by Z-ajoene in 12 h also suggests 
the deregulation of other molecular signaling pathways up-
stream of those transcriptional changes. The eight most-altered 
proteins of the related downstream effectors, as observed by 
RPPA and western blot analysis, revealed that TGFβ and AKT 
signaling are the main candidate signaling pathways targeted 
by Z-ajoene. Using the RPPA assay, we observed that the level 
of FOXO3A protein was also decreased following Z-ajoene 
treatment, which could be explained by the well-known signal-
ing hierarchy of FOXO3A through AKT signaling, i.e., the failed 
sequestration of FOXO3A in the cytoplasm due to the dephos-
phorylation of AKT may be responsible for the decrease in 
FOXO3A in the RPPA results (Calnan and Brunet, 2008). The 
sharply decreased AKT activity, revealed by the reduced level 
of phosphorylated pS6 even before the phosphorylated form of 
AKT was marginally decreased (Fig. 4), suggested the possi-
bility that Z-ajoene might directly target AKT activity or its 
downstream molecules, such as mTOR. TGFβ signaling, which 
is important for the self-renewal of CSCs (Penuelas= et al., 
2009), can also modulate the expression level of FOXO3A 
through PI3K/AKT or SMAD signaling (Watabe and Miyazono, 
2009). A recent finding that TGFβ and AKT signaling can coo-
peratively regulate FOXO3A, which plays a role in the mainten-
ance of leukemia stem cells, raises the possibility that FOXO3A 
may be an important mediator in the regulation of GBM CSCs 
targeted by Z-ajoene (Naka= et al., 2010). Interestingly, the 

Fig. 4. Proteins expression changes in CSC

sphere cells by Z-ajoene in 12 h. (A) RPPA

arrays results showing proteins express more

than 2
0.4

 fold less than 2
-0.4

 fold of control with mK

< 0.05. (B) Western blotting of signaling mole-

cules related to RPPA results. 
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phosphorylated forms of p38 and ERK were elevated upon 
treatment with 2.5 μM Z-ajoene (Fig. 4). This sharp induction of 
ERK/p38 activity by Z-ajoene was unexpected but might be 
attributed, at least in part, to AKT suppression by Z-ajoene and 
the negative crosstalk between the Erk and PI3K/AKT path-
ways in GBM CSCs (Sunayama=et al., 2010). It has been re-
ported that MAPK ERK and p38 also phosphorylate FOXO3A, 
resulting in its destabilization (Sunayama et al., 2011). Surpri-
singly, TGFβ, AKT, ERK, and p38, the expression level of 
which were modulated by Z-ajoene, all target and downregulate 
FOXO3A. This pathway-level convergence highlights FOXO3A 
as one of the key molecules regulating neural stem cell main-
tenance and integrity. The consequence of these redundant or 
convergent signaling pathways is that the activation of FOXO3A 
can mediate a number of transcriptional programs, including 
NOTCH signaling, which is indispensible for stem cell biology 
(Kim=et al., 2014) The absence of the FOXO3A gene results in 
a loss of neural stem cells and proper differentiation (Renault=et 
al., 2009). These cells may maintain stem cell properties 
through the transcriptional regulation of protective autophagy, 
as in hematopoietic stem cells (Warr=et al., 2013), Indeed, the 
use of FOXO transcription factors as therapeutic agents to 
target CSCs has been attempted (Zhang=et al., 2011).  

The perturbation of the mRNA and protein levels of these key 
genes by Z-ajoene treatment was confirmed, and String 9.1 
(http://string-db.org/) (von Mering=et al., 2003) was applied to 
establish a functional/physical interaction map (Supplementary 
Fig. 2). In addition to the above-discussed molecules, this sys-
tems approach uncovered CREB-binding protein (CBP) as a 
potential interacting hub molecule in the network. However, this 
áå= ëáäáÅç analysis must be interpreted carefully because CBP 
interacts with many transcription factors, such as β catenin, to 
enhance transcription, and it is important for WNT-dependent 
stem cell proliferation. Two molecules, myosin and TP53-
inducible glycolysis and apoptosis regulator (TIGAR), were also 
of interest because they were not associated with other identi-
fied molecules in the map. The myosin reported here is phos-
phorylated non-muscle type II myosin, which is known to be 
important for human pluripotent stem cell maintenance (Walker=
et al., 2010) and cell-to-cell interactions. TIGAR primarily func-
tions as a regulator of glycolysis. Little is known about the roles 
of these proteins in stem cells. The expression levels of myosin 
and TIGAR were increased and decreased, respectively, by Z-
ajoene in the CSC population. Therefore, their roles in CSC 
maintenance may need to be investigated. 

Taken together, our results demonstrate that Z-ajoene specif-
ically targets CSCs of GBM cells, and this activity may result 
from decreased AKT activity, increased ERK/p38 activity, and 
decreased TGFβ activity, all of which are associated with down-
regulated FOXO3A expression. Further studies to develop Z-
ajoene as an anti-cancer agent to specifically target the CSC 
population and to validate its suggested mechanism are war-
ranted. In addition, the systemic approaches demonstrated 
herein should be used to identify novel anti-CSC agents that 
avoid nonspecific cytotoxic effects and to effectively identify the 
potential mechanisms of action of the candidate molecules.  
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