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Immunoblotting procedures: Proteins from control and treated cells were 

separated by SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, 

proteins were electrotransferred to polyvinylidene difluoride membranes which were 

then blocked ovemight at 4°C with 5% non-fat dry milk in Tris-buffered saline (150 

mM NaCl, 20 mM Tris-HCl, pH 7.5) containing 0.3% Tween-20 (TBST). 

Membranes were further washed in TBST and incubated with the primary antibodies 

(1/1 ,000 dilution) in TBST containing 3% bovine serum albumin, followed by a 1 hr 

incubation with horseradish peroxidase-conjugated anti-rabbit IgG (1/1 0,000 dilution 

for MTI-MMP detection) or anti-mouse IgG (115,000 dilution for RhoA and CD44 

detection) in TBST containing 5% non-fat dry milk. Immunoreactive material was 

visualized by enhanced chemiluminescence (Amersham Biosciences, Baie d'Urfée, 

QC). 

Flow cytometry analysis: For assessment of cell surface CD44 expression, 

cells were detached from plates, as previously described by us (Annabi et coll., 2004), 

and resuspended in 10% FBSIDMEM at a concentration of 106 cells/ml, washed 2 

times and blocked for 15 min at room temperature in PBS containing 5% inactivated 

fetal calf serum (FCS/PBS). The cells were then incubated in 0.5% FCS/PBS with 0.5 

Ilg/ml of the CD44 mAb or mouse IgG2bK at room temperature for 30 min, washed 

once and resuspended in 0.5% FCS/PBS. Flow cytometry data was analyzed on a 

FACS Calibur flow cytometer with CellQuestPro software (BD Biosciences, 

Mississauga, ON). 

Cell migration assay: Cells were dislodged after brief trypsinization, washed 

extensively and resuspended in MEM at a concentration of 106 cells/ml (Annabi et 

coll., 2004). Cells (5xl04
) were then dispersed onto 1 mg/ml HAIPBS-coated 

chemotaxis filters (Costar; 8-llm pore size) within Boyden chamber inserts. Migration 

proceeded for 3 h at 37°C in 5% C02. Cells that had migrated to the lower surface of 

the filters were fixed with 10% formalin phosphate, coloured with 0.1 % crystal 
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violetl20% Methanol and counted by microscopie examination. The average number 

of migrating cells per field was assessed by counting at least four random fields per 

filter using Northem Eclipse software. Data points indicate the mean obtained from 

three separate chambers within one representative experiment. 

Statistical data analysis: Data are representative of three or more independent 

experiments. Statistical significance was assessed using Student's unpaired t-test and 

was used to compare the relative RhoA- or MT1-MMP-induced effects on HA cell 

adherence, CD44 cell surface expression, or migration on HA to untreated (Mock or 

control) U-87 cells. Probability values of less than .05 were considered significant, 

and an asterisk (*) identifies such significance in each figure. 
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RESULTS 

Overexpression of recombinant RhoA or MTl-MMP decreases U-87 glioma 

cells adhesion ta HA. RhoA is thought to regulate several processes involved in 

cancer invasion and it was recently found to regulate CD44 binding to HA (Ho et 

coll., 2004). We have shown that the function of the HA receptor CD44 was also 

regulated through a complex interplay involving MTI-MMP (Annabi et coll., 2004), 

which is ofparticular importance in brain tumor development. We decided to analyze 

the roles of RhoA and MTI-MMP in cell-HA interaction. Cells were cultured on 

plastic and transiently transfected with cDNA plasmids encoding the full-length (Wt) 

MTI-MMP and RhoA recombinant proteins, as well as plasmid encoding a truncated 

cytoplasmic form (LU) of MTl-MMP that anchors to the plasma membrane but fails 

to transduce any intracellular signalling (Gingras et coll., 2001). Transfected cells 

were then trypsinized, seeded on HA-coated dishes, and adhesion left to proceed for 2 

hours. We found that overexpression of RhoA or Wt-MTI-MMP triggered a loss of 

approximately 60-65% in cell-HA adhesion, while Mock or ~1-MTI-MMP

transfected cells had their respective adhesion to HA unaffected (Fig.l a and 1b). 

Generation and selection of stably transfected U-87 cells with the respective cDNA 

plasmids is currently underway in order to confirm and further characterize the new 

RhoA- and MTI-MMP-mediated phenotype observed. Interestingly, a bi-directional 

crosstalk was seen between RhoA and MTI-MMP expressIOn. Indeed, 

overexpression of recombinant RhoA triggered an increase in endogenous MT 1

MMP expression, while Wt-MTI-MMP overexpression induced RhoA expression in 

U-87 cells (Fig.l c). Moreover, the cytoplasmic domain of MT I-MMP appears to be 

essential for that induction since ~l-MT I-MMP did not trigger RhoA expression in 

U-87 cells. This suggests that the cytoplasmic domain ofMTI-MMP regulates crucial 

intracellular signalling leading to the induction of RhoA. 
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RhoA and MTl-MMP overexpression trigger CD44 cell surface shedding 

from U-87 glioma cells. We have previously reported that MTI-MMP overexpression 

antagonized functional recognition and binding of HA by reducing CD44 cell surface 

expression (Annabi et coll., 2004). Whether CD44 was shed from the cell surface of 

glioma cells remained to be evaluated. We transfected U-87 cells grown on plastic 

dishes with Wt-MTl-MMP, i11-MTI-MMP and RhoA cDNAs and assessed the 

presence of CD44 in the conditioned media by western blotting. We observed a 75 

kDa CD44-immunoreactive protein that appeared in the conditioned media isolated 

from RhoA and Wt-MTI-MMP-expressing cel1s (Fig.2a). Interestingly, no CD44 

shedding was triggered by the overexpression of a cytoplasmic-deleted recombinant 

form of MTI-MMP. Furthermore, immunophenotyping of CD44 cel1 surface 

expression of the transfected cells was performed using flow cytometry. Accordingly, 

a significant shift to lower fluorescence levels was observed in RhoA- and MT 1

MMP-transfected cells (Fig.2b), suggesting that less CD44 remained at the cell 

surface (Fig.2c) and supporting the assumption that CD44 is released in the culture 

media. 

Cell migration on hyaluronic acid is inhibited in RhoA- and MTl-MMP

transfected U-87 glioma cells. Overexpression of recombinant RhoA and MTI-MMP 

was achieved by transfecting U-87 cells grown on plastic. Cells were then briefly 

trypsinized and seeded on HA- or gelatin-coated filters inserted into Boyden 

Chambers. We found that overexpression of either RhoA or MTI-MMP inhibited U

87 cell migration on HA by 72% and 67%, respectively (Fig.3, grey bars). This was 

an expected result as the binding of the cells to HA was already shown to be reduced 

due to lower CD44 cell surface expression, as demonstrated by the increased CD44 

shedding induced by both RhoA and MT I-MMP in transfected cells. In contrast, cel1 

migration on gelatin was only found significantly increased in Wt-MTI-MMP 
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transfected cells (Fig.3, black bars). This suggests that the cell surface receptors that 

are involved in HA recognition are specifically decreased. 

The actions ofgreen tea catechin EGCg and ofROK inhibition reverse RhoA

and MTl-MMP-induced shedding of CD44. We have demonstrated that treatment of 

U-87 glioma cells with EGCg, a naturally occurring green tea catechin for which we 

have reported anti-MMP and anti-angiogenic activity (Demeule et coll., 2002), also 

inhibited HA binding to CD44 in Type-I collagen-treated U-87 glioma cells (Annabi 

et coll., 2004), while it had no influence on basal cell migration on HA (not shown). 

Whether EGCg antagonized RhoA-mediated CD44 cell surface shedding was 

assessed in parallel with functional inhibition of RhoA functions by the Rho

associated kinase (ROK) inhibitor Y27632. Interestingly, ROK was recently 

suggested to regulate CD44 expression in osteoclasts (Chellaiah et coll., 2003), while 

its inhibition led to a decreased interaction of CD44 with a Na+-H+ exchanger 

suggesting a potential raie for RhoA in transducing CD44 signalling (Bourguignon et 

coll., 2004). Inhibition of ROK, as weil as treatment of U-87 cells with EGCg, 

significantly inhibited both RhoA- and MTI-MMP-mediated CD44 shedding into the 

conditioned media (FigAa). CD44 cell surface expression was also measured by flow 

cytometry and this was quantified in FigAb. Moreover, the observed EGCg inhibition 

of RhoA- and MT I-MMP-mediated shedding was primarily due to a downregulation 

in RhoA and MTI-MMP mRNA levels (FigAc) (21), while the functional inhibition 

of downstream signalling from RhoA with the ROK inhibitor did not affect 

significantly the expression of either gene. 

The green tea catechin EGCg, but not functional inhibition of ROK, reverses 

RhoA-induced expression ofMTl-MMP. Whether RhoA-induced MTI-MMP protein 

expression could be regulated by EGCg or functional inhibition of ROK was next 

assessed. U-87 glioma cells were cultured on plastic and subsequently transfected 

with empty vector (Mock) or RhoA cDNA. Thirty-six hours post-transfection cells 
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were treated or not for 18 hours with either 2Q /lM EGCg or 5 /lM Y27632. Western 

blotting followed by MTI-MMP immunodetection revealed that the only significant 

inhibition ofMTI-MMP protein expression was observed in EGCg-treated U-87 ceIls 

(Fig.5a). Protein expression of basal and of RhoA-induced MTI-MMP was 

unaffected in U-87 cells treated with the ROK inhibitor Y27632 (Fig.5b). This 

suggests that functional ROK inhibition cannot overcome the MTI-MMP induction 

by constitutive expression of recombinant Wt-RhoA, or that MTI-MMP induction 

was mediated by another RhoA effector. Alternate yet unidentified targets of EGCg 

affecting RhoA functions may also be assumed. Importantly, although EGCg reduced 

basal MTI-MMP protein levels, it also significantly diminished the RhoA-induced 

increase in MTI-MMP protein levels. 

Rho-associated kinase-induced CD44 shedding is inhibited by green tea 

catechin EGCg. Several different enzymes have been identified as possible 

downstream targets for RhoA signalling. One such enzyme is Rho-associated kinase 

(ROK), which is a serine-threonine kinase known to interact with Rho in a GTP

dependent manner (Manser et coll., 1998). U-87 glioma cells were transfected with a 

cDNA encoding a constitutively active ROK, and CD44 shedding was assessed in the 

conditioned media. The overexpression of a recombinant constitutively active form of 

ROK was found to induce CD44 shedding from the cell surface (Fig.6a) in agreement 

with the effect of the ROK inhibitor (Fig.4a), while CD44 shedding was undetectable 

in Mock-transfected cells (Fig.6a). Interestingly, the green tea catechin EGCg 

reduced ROK-induced CD44 shedding, suggesting that a crucial RhoA/ROK

mediated intracellular signalling pathway is involved in the shedding of CD44 in 

glioma cells. This effect ofEGCg was correlated to the expression ofCD44 at the cell 

surface (Fig.6b) as assessed by flow cytometry. CD44 levels (shaded plots on right 

side) decreased in RhoA- and ROK-transfected cells as seen by the shift of signal 

intensity to the left, while EGCg treatment (dotted lines) antagonized both of the 

RhoA- and ROK-mediated effects on CD44. 
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DISCUSSION
 

Tumor astrocytes migrate into the normal brain parenchyma along preferred 

routes such as blood vessel walls situated in the grey matter (Giese et coll., 1994) or 

myelin tract in the white matter (Giese et coll., 1996). The fact that transforrned 

astrocytes can detach themselves from initial tumor sites is the major reason why any 

type of therapy remains ineffective today against astrocytic tumors (Sehgal et coll., 

1998). We have previously shown that the interaction between CD44 and hyaluronan 

in glioma cells is a complex process tbat involves specialized plasma membrane 

microdomains and that can mediate both cell-cel! and cel!-ECM interactions (Annabi 

et coll., 2004). In the present study, we provide evidence regarding the mechanism by 

which shedding of CD44 is thought to stimulate brain tumor cell motility. Elucidation 

of such mechanism may impact on a variety of pbysiological and pathophysiological 

processes including tumor metastasis, wound healing and leukocyte extravasation at 

sites of inflammation. 

Moreover, we illuminate the potential to reduce that infiltrating character of 

brain tumors by the use of EGCg, a green tea catechin that has anticancer properties 

(Demeule et coll., 2002). Previous studies have shown that EGCg possessed the 

property to inhibit MTI-MMP-mediated ECM degradation and migration of glioma 

cells (Annabi et coll., 2002) and to inhibit MTI-MMP-mediated angiogenesis (Oku et 

coll. ,2003). We now exhibit a new effect of EGCg inhibiting the MTI-MMP

induced signaling leading to CD44 cel! surface shedding. This CD44 downregulation 

from the cel! surface via receptor shedding may be required for cells to detach from 

the brain ECM and facilitate movement. This inftltrating/metastatic character of 

glioma cells likely involves a RhoAIROK-regulated release of a soluble extracellular 

fragment of CD44, which also involves intracellular signaling through MTI-MMP 

(see Fig.7 for summarized scheme). In support to our observations, intravenous 

administration of EGCg was recently reported to target MTI-MMP-mediated in vivo 
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tumor angiogenesis (Yamakawa et coll., 2004). Unfortunately, the levels of 

circulating CD44 were not assessed in that report. However, it is tempting to suggest 

that the circulating soluble CD44 increases could be considered as markers for tumor 

dissemination and could potentially also interfere competitively with the ability of 

membrane-bound CD44 to interact with HA (Ahrens et coll., 200 1). Whether 

alternate receptors for HA (such as RHAMM) may also be regulated at the cell 

surface remains to be investigated. Finally, and although not yet clearly established, 

ADAMI0 was recently reported to shed CD44 from the cell surface through a similar 

mechanism to that ofMTI-MMP (Nakamura et coll., 2004). Whether RhoA, which is 

known to regulate the functions of ADAM12 (Thodeti et coll., 2003), also regulates 

ADAMI0 has yet to be determined. Altogether, these numerous effects of RhoA 

indeed highlight potential alternate molecular and cellular processes besides those 

involving MTI-MMP. 

Of particular interest is the fact that several of the documented CD44 releasing 

processes from cells involve phorbol esters, a calcium ionophore ionomycin or 

cytokines (DeGrendele et coll., 1997; Ristamaki et coll., 1997), which are also known 

as MTI-MMP inducers in invading cells (Yu et coll., 1997; Park et coll.,2000). More 

recently, structure-function analysis has shown the hemopexin-like domain of MT1

MMP to be responsible for the binding and subsequent shedding of the standard 

hematopoietic form of CD44 (Suenaga et coll., 2005). Concomitant with CD44 

shedding, cytoskeletal reorganization occurs. Pharmacological disruption of actin 

assembly reduced CD44 shedding, whereas activation of Rho family GTPases, which 

regulate actin filament assembly, enhanced CD44 cleavage (Shi et coll., 2001). 

Shedding of CD44 has also been reported to be induced by Ras, an oncoprotein 

involved in cell motility and migration. The effect of Ras on CD44 processing appears 

to be mediated by members of the Rho family of GTPases (Kawano et coll., 2000). 

Taken together, these data suggest that shedding of CD44 is controlled by Ras and 

Rho GTPases (Cdc42 and Racl), possibly via regulation of the actin cytoskeleton. 
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We now provide additional intraceJ1ular crosstalk linking RhoA to the cell surface 

proteolytic activity and expression of MTI-MMP. The specifie contribution of MT1

MMP to cytoskeleton changes remains to be determined. Whether the intracellular 

domain of MTI-MMP transduces any RhoA-mediated cell morphology changes is 

also under investigation. Finally, in agreement with our data in glioma cells, 

transcriptional regulation of the MTI-MMP gene was also demonstrated in a study 

which showed that RhoA and functional inhibition of RüK restored MTI-MMP 

mRNA that was inhibited by LPA in human osteosarcoma cel1s (Matsumoto et coll., 

2001). 

Rho family GTPases play an important role in a number of processes related 

to metastasis. It is thus not surprising that the overexpression of certain Rho GTPases 

in human tumors often correlates with poor prognosis (Fritz et coll., 1999). In 

particular, survival prediction in human gliomas based on proteome analysis has 

recently identified the increased RhoA levels as potential biomarkers for anti-glioma 

therapy (Iwadate et coll., 2004). lndeed, the high level of intracellular expression of 

RhoA facilitates its translocation to the membrane where it is activated, resulting in 

stimulation of the RhoA-RüK-actomyosin system, and leading to migration (Itoh et 

coll., 1999). RüK has been shown to phosphorylate the cytoplasmic domain of the 

CD44v3, 8-10 isoform and to up-regulate the interaction between the CD44v3, 8-10 

isoform and the cytoskeletal protein ankyrin during HA/CD44-regulated tumor cel1 

migration (Bourguignon et coll., 1999). Thus, RüK is clearly one of the important 

signaling molecules required for membrane-cytoskeleton interaction, Ca2 
+ regulation, 

and HA/CD44-mediated cell function. Moreover, several cellular proteins, including 

the cytoplasmic domain of CD44 and IP3 receptors, have been identified as RüK

specifie cellular substrates during HA-CD44 signaling (Singleton et coll., 2002). 

Whether MTI-MMP's intracellular domain may also be a substrate for RüK

mediated phosphorylation remains to be established. Coordinated mechanisms 

involving RhoAJMTI-MMP crosstalk in cell motility and cell surface proteolysis that 
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could also possibly influence glioma cells invasiveness have been reported. For 

instance, glioblastoma cell growth and proliferation in vitro was recently shown to be 

regulated by the chemokine stromal cell-derived factor (SDF-la) that is expressed in 

several human glioblastoma multiforme tumor tissues (Barbero et coll., 2003). 

Interestingly, SDF-la was also reported to promote invasion and to trigger the 

activation of the GTPase RhoA-dependent signaling in the highly metastatic BLM 

melanoma cell !ine, leading to the control of MTI-MMP expression (Bartolome et 

coll., 2004). Altogether, these data indicate that SDF-l through RhoA regulation 

could play important roles during glioma cell invasion and directional migration for 

basement membrane and brain parenchyma infiltration. 

In the present study, we propose a RhoNROK-mediated CD44 cell surface 

shedding mechanism that may regulate glioma infiltration in brain parenchyma. We 

also provide in vitro evidence for a new cellular action of green tea catechin EGCg 

that couId help optimize CUITent therapeutic approaches for brain tumors treatments. 

We have already demonstrated that EGCg can be efficiently used in conjunction with 

radiotherapeutic modalities to efficiently target those tumor-derived endothelial cells 

that escaped ionizing radiation-induced apoptosis (Annabi et coll., 2003). Even more 

exciting is the fact that a receptor for EGCg has recently been identified as the 67

kDa laminin receptor (Tachibana et coll., 2004). Such laminin receptors have been 

shown to regulate the invasion of malignant glioma celis potentially through Rho 

GTPases intracellular signaling (Fukushima et coll., 1998). Whether EGCg can 

directly interact and inhibit intracellular RhoA functions remains to be investigated. 

We now propose that the infiltrating character of brain tumors may also be efficiently 

targeted by the anti-cancerous properties of green tea catechin EGCg, which could 

then be used in synergy with cUITently employed therapeutic modalities. 



151 

Acknowledgments: B.A. ho Ids a Canada Research Chair in Molecular Oncology from 

the Canadian Institutes of Health Research (CIHR). We thank Dr Sandra Turcotte for 

her critical reading of the manuscript. This work was supported by grants from the 

ClliR and from the Groupe de Thérapie Expérimentale du Cancer de Montréal to 

R.B. 



152 

REFERENCES
 

Ahrens T., Sleeman J.P., Schempp C.M., et coll.,(2001) Soluble CD44 inhibits 
melanoma tumor growth by blocking cell surface CD44 binding to hyaluronic 
acid. Oncogene 20,3399-3408. 

Akiyama Y., Jung S., Salhia B., et coll.,(2001) Hyaluronate receptors mediating 
glioma cell migration and proliferation. J Neurooncol. 53, 115-127. 

Annabi B., Lachambre M.P., Bousquet-Gagnon N., Pagé M., Gingras D. and 
Béliveau R. (2001) Localization of membrane-type 1 matrix metalloproteinase in 
caveolae membrane domains. Biochem J. 353, 547-553. 

Annabi B., Lachambre M.P., Bousquet-Gagnon N., Pagé M., Gingras D. and 
Béliveau R. (2002) Green tea polyphenol (-)-epigallocatechin 3-gallate inhibits 
MMP-2 secretion and MT1-MMP-driven migration in glioblastoma cells. 
Biochim Biophys Acta 1542,209-220. 

Annabi B., Lee Y.T., Martel c., Pilorget A., Bahary J.P. and Béliveau R. (2003) 
Radiation induced-tubulogenesis in endothelial cells is antagonized by the 
antiangiogenic properties of green tea polyphenol (-) epigallocatechin-3-gallate. 
Cancer Biol Ther. 2,642-649. 

Annabi B., Thibeault S., Moumdjian R. and Béliveau R. (2004) Hyaluronan cell 
surface binding is induced by type l collagen and regulated by caveolae in glioma 
cells. J Biol Chem. 279,21888-21896. 

Barbero S., Bonavia R., Bajetto A, et coll.,(2003) Stromal cell-derived factor 1alpha 
stimulates human glioblastoma cell growth through the activation of both 
extracellular signal-regulated kinases 1/2 and Akt. Cancer Res. 63,1969-1974. 

Bartolome R.A., Galvez B.G., Longo N., et coll.,(2004) Stromal cell-derived factor
1alpha promotes melanoma cell invasion across basement membranes involving 
stimulation of membrane-type 1 matrix metalloproteinase and Rho GTPase 
activities. Cancer Res. 64,2534-2543. 

Bignami A, Asher R. and Perides G. (1992) Co-localization of hyaluronic acid and 
chondroitin sulfate proteoglycan in rat cerebral cortex. Brain Res. 579, 173-177. 

Bolteus Al., Berens M.E. and Pilkington G.J. (2001) Migration and invasion in brain 
neoplasms. Curr Neurol Neurosci Rep. 1,225-232. 



153 

Bourguignon L.Y., Zhu H., Shao L., Zhu D. and Chen Y.W. (1999) Rho-kinase 
(ROK) promotes CD44v(3,8-10)-ankyrin interaction and tumor cell migration in 
metastatic breast cancer cells. Cell Motif Cytoskeleton 43, 269-287. 

Bourguignon L.Y., Singleton P.A., Zhu H. and Diedrich F. (2003) Hyaluronan
mediated CD44 interaction with RhoGEF and Rho kinase promotes Grb2
associated binder-l phosphorylation and phosphatidylinositol 3-kinase signaling 
leading to cytokine (macrophage-colony stimulating factor) production and 
breast tumor progression. J Biol Chem. 278, 29420-29434. 

Bourguignon L.Y., Singleton P.A., Diedrich F., Stern R. and Gilad E. (2004) CD44 
interaction with Na+-H+ exchanger (NHE 1) creates acidic microenvironments 
leading to hyaluronidase-2 and cathepsin B activation and breast tumor cel1 
invasion. J Biol Chem. 279, 26991-27007. 

Camby 1., Belot N., Lefranc F., et coll.,(2002) Galectin-l modulates human 
glioblastoma cell migration into the brain through modifications to the actin 
cytoskeleton and levels of expression of small GTPases. J Neuropathol Exp 
Neurol. 61, 585-596. 

Chellaiah M.A., Biswas R.S., Rittling S.R., Denhardt D.T. and Hruska K.A. (2003) 
Rho-dependent Rho kinase activation increases CD44 surface expression and 
bone resorption in osteoclasts. J Biol Chem. 278,29086-92907. 

DeGrendele H.C., Estess P. and Siegelman M.H. (1997) Requirement for CD44 in 
activated T cel1 extravasation into an inflammatory site. Science 278, 672-675. 

Demeule M., Michaud-Levesque 1., Annabi B., et coll.,(2002) Green tea catechins as 
novel antitumor and antiangiogenic compounds. Curr Med Chem Anti-Canc 
Agents 2,441-463. 

Fritz G., Just 1. And Kaina B. (1999) Rho GTPases are over-expressed in human 
tumors. Int J Cancer 81, 682-687. 

Fukushima Y., Olmishi T., Arita N., Hayakawa T. and Sekiguchi K. (1998) Integrin 
alpha3beta I-mediated interaction with laminin-5 stimulates adhesion, migration 
and invasion of malignant glioma cells. Int J Cancer 76, 63-72. 

Gal	 1., Lesley J., Ko W., et coll.,(2003) Role of the extracellular and cytoplasmic 
domains of CD44 in the rolling interaction of lymphoid cells with hyaluronan 
under physiologie flow. J Biol Chem. 278, 11150-11158. 



154 

Giese A., Rief M.D., Loo M.A. and Berens M.E. (1994) Determinants of human 
astrocytoma migration. Cancer Res. 54,3897-3904. 

Giese A., Kluwe 1., Laube B., Meissner H., Berens M.E. and Westphal M. (1996) 
Migration ofhuman glioma cells on myelin. Neurosurgery 38, 755-764. 

Gingras D., Gauthier F., Lamy S., Desrosiers R.R. and Béliveau R. (1998) 
Localization of RhoA GTPase to endothelial caveolae-enriched membrane 
domains. Biochem Biophys Res Commun. 247, 888-893. 

Gingras D., Bousquet-Gagnon N., Langlois S., Lachambre M.P., Annabi B. and 
Béliveau R. (2001) Activation of the extracellular signal-regulated protein kinase 
(ERK) cascade by membrane-type-l matrix metalloproteinase (MTI-MMP). 
FEBS Let!. 507,231-236. 

Gunthert D., Schwarzler C., Wittig B., et coll.,(1998) Functional involvement of 
CD44, a family of cell adhesion molecules, in immune responses, tumour 
progression and haematopoiesis. Adv Exp Med Biol. 451, 43-49. 

lto T., Williams lD., Fraser D. and Phillips A.O. (2004) Hyaluronan attenuates 
transforming growth factor-beta l-mediated signaling in renal proximal tubular 
epithelial cells. Am J Pathol. 164, 1979-1988. 

Itoh K., Yoshioka K., Akedo H., Dehata M., Ishizaki T. and Narumiya S. (1999) An 
essential part for Rho-associated kinase in the transcellular invasion of tumor 
cells. Nat Med. 5,221-225. 

Iwadate Y., Sakaida T., Hiwasa T., et coll.,(2004) Molecular classification and 
survival prediction in human gliomas based on proteome analysis. Cancer Res. 
64, 2496-2501. 

Kajita M., ltoh Y., Chiba T., et coll.,(2001) Membrane-type 1 matrix 
metalloproteinase cleaves CD44 and promotes cell migration. J Cell Biol. 153, 
893-904. 

Kawano Y., Okamoto L, Murakami D., et coll.,(2000) Ras oncoprotein induces CD44 
cleavage through phosphoinositide 3-0H kinase and the Rho family of small G 
proteins. J Biol Chem. 275,29628-32965. 

Manser E., Leung T. and Lim 1. (1998) Identification and characterization of small 
GTPase-associated kinases. Methods Mol Biol. 84,295-305. 



155 

Matsumoto Y., Tanaka K., Harimaya K., Nakatani F., Matsuda S. and Iwamoto Y. 
(2001) Small GTP-binding protein, Rho, both increased and decreased cellular 
motility, activation of matrix metalloproteinase 2 and invasion of human 
osteosarcoma cells. Jpn J Cancer Res. 92,429-438. 

Mori H., Tomari T., Koshikawa N., et coll.,(2002) CD44 directs membrane-type 1 
matrix metalloproteinase to lamellipodia by associating with its hemopexin-like 
domain. EMBO 1. 21,3949-3959. 

Nakamura H., Suenaga N., Taniwaki K., et coll.,(2004) Constitutive and induced 
CD44 shedding by ADAM-like proteases and membrane-type 1 matrix 
metalloproteinase. Cancer Res. 64, 876-882. 

Oku N., Matsukawa M., Yamakawa S., et coll.,(2003) Inhibitory effect of green tea 
polyphenols on membrane-type 1 matrix metalloproteinase, MTI-MMP. Biol 
Pharm Bull. 26, 1235-1238. 

Park M.J., Park LC., Hur J.H., et coll.,(2000) Protein kinase C activation by phorbol 
ester increases in vitro invasion through regulation of matrix 
metalloproteinases/tissue inhibitors of metalloproteinases system in D54 human 
glioblastoma cells. Neurosei LeU. 290,201-204. 

Perschl A, Lesley J., English N., Hyman R. and Trowbridge LS. (1995) 
Transmembrane domain of CD44 is required for its detergent insolubility in 
fibroblasts. J Cell Sei. 108, 1033-1041. 

Pilkington G.J. (1997) The paradox of neoplastic glial cell invasion of the brain and 
apparent metastatic failure. Anticancer Res. 17, 4103-4105. 

Ranuncolo S.M., Ladeda V., Specterman S., et coll.,(2002) CD44 expressIOn In 

human gliomas. J Surg Oncol. 79, 30-35. 

Ridley A.J., Schwartz M.A, Burridge K., et coll.,(2003) Cell migration: integrating 
signaIs from front to back. Seience 302, 1704-1709. 

Ristamaki R., Joensuu H., Gron-Virta K., Salmi M. and Jalkanen M. (1997) Origin 
and function of circulating CD44 in non-Hodgkin's lymphoma. 1. Immunol. 158, 
3000-3008. 

Rozanov DV., Deryugina E.L, Monosov E.Z., Marchenko N.D. and Strongin AY. 
(2004) Aberrant, persistent inclusion into lipid rafts limits the tumorigenic 
function of membrane type-l matrix metalloproteinase in malignant cells. Exp 
Cell Res. 293, 81-95. 



156 

Sehga1 A. (1998) Molecular changes during the genesis of human gliomas. Semin 
Surg Oncol. 14,3-12. 

Shi M., Dennis K., Peschon J.J., Chandrasekaran R. and Mikecz K. (2001) Antibody
induced shedding of CD44 from adherent cells is linked to the assembly of the 
cytoskeleton. J Immunol. 167, 123-131. 

Singleton P.A. and Bourguignon L.Y. (2002) CD44v 10 interaction with Rho-kinase 
(ROK) activates inositol 1,4,5-triphosphate (IP3) receptor-mediated Ca2+ 
signaling during hyaluronan (HA)-induced endothelial cell migration. Cel! Moti! 
Cytoskeleton 53, 293-316. 

Suenaga N., Mori H., Hoh Y. and Seiki M. (2005) CD44 binding through the 
hemopexin-like domain is critical for its shedding by membrane-type 1 matrix 
metalloproteinase. Oncogene. 24, 859-868. 

Sugahara K.N., Murai T., Nishinakamura H., Kawashima H., Saya H. and Miyasaka 
M. (2003) Hyaluronan oligosaccharides induce CD44 c1eavage and promote cell 
migration in CD44-expressing tumor cells. J Biol Chem. 278, 32259-32265. 

Tachibana H., Koga K., Fujimura Y. and Yamada K. (2004) A receptor for green tea 
po1yphenol EGCG. Nat Struct Mol Biol. Il,380-381. 

Thodeti CK., Albrechtsen R., Graus1und M., et col!.,(2003) ADAM12/syndecan-4 
signaling promotes beta 1 integrin-dependent cel1 spreading through protein 
kinase Calpha and RhoA. J Biol Chem. 278, 9576-9584. 

Turcotte S., Desrosiers R.R. and Béliveau R. (2003) HIF-1alpha mRNA and protein 
upregu1ation invo1ves Rho GTPase expression during hypoxia in rena1 cell 
carcinoma. J Cel! Sei. 116,2247-2260. 

Xu	 y. and Yu Q. (2003) E-cadherin negatively regulates CD44-hyaluronan 
interaction and CD44-rnediated tumor invasion and branching morphogenesis. J 
Biol Chem. 278, 8661-8668. 

Yarnakawa S., Asai T., Uchida T., Matsukawa M., Akizawa T. and Oku N. (2004) (
)-Epigallocatechin gallate inhibits membrane-type 1 matrix metalloproteinase, 
MT1-MMP, and tumor angiogenesis. Cancer Let!. 210,47-55. 

Yu M., Sato H., Seiki M., Spiege1 S. and Thompson E.W. (1997) Calcium influx 
inhibits MT1-MMP processing and blocks MMP-2 activation. FEBS Let!. 412, 
568-572. 



157 

Yu Q. and Stamenkovic 1. (1999) Localization of matrix metalloproteinase 9 to the 
cell surface provides a mechanism for CD44-mediated tumor invasion. Genes 
Dev. 13, 35-48. 



158 

Fig.1 

A) 

B) 100	 C) 

:;:" w~ 
.~. .

~ 40
 

~
 
-1 ;W 

'''.oc;~~	 .'" :.11
 
MT1·fl'M?
 

Fig.l: Recombinant RhoA and MTl-MMP overexpression induces loss of 
cell-HA adhesion in U-87 glioma cells. U-87 glioma cells were 
cultured on plastic dishes until they reached approximately 60% 
confluency. Cells were then transfected with cDNA plasmids as 
follows: Mock (pcDNAJ.1+), Wt-RhoA, Wt-MTl-MMP or ô1-MT1
MMP, as described in the Methods section. Thirty-six hours post
transfection, cells were trypsinised and seeded on HA-coated dishes (1 
mg/ml). (A) Pictures of the adherent cells were taken 2 hours after 
seeding and quantified (B). Western blotting of the cell lysates 
generated from the respective cell transfections (20 Ilg / weil) was 
performed on 12% SDS-PAGE for RhoA and ERK, and 9% SDS
PAGE for MT1-MMP. Immunodetection was performed as described 
in the Methods section (C). The 63-, 60-, and 55-kDa immunoreactive 
bands observed for MT1-MMP represent respectively the full-length
proMT1-MMP fonu, the cytoplasmic (ô1)-truncated form, and the 
mature 55 kDa processed form of the endogenous MT1-MMP. Data 
are representative ofthree independent experiments. 
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Fig.2: RhoA and MTI-MMP overexpression trigger CD44 cell surface 
shedding from U-87 glioma cells and inhibit cell migration on 
hyaluronic acid. (A) U-87 glioma cells were cultured on plastic dishes 
and subsequently transfected with empty vector (Mock) or with cDNA 
plasmids encoding RhoA, Wt-MT1-.M:MP, or i11-MT1-.M:MP. Thirty
six hours post-transfection, cells were starved in serum-free media for 
18 hours. Conditioned media was then coUected and centrifuged to 
eliminate any floating ceUs. Equal volumes (600 ~) of the conditioned 
media were TCA-precipitated and subjected to Western blotting and 
immunodetection of CD44. (B) Flow cytometry was used to monitor 
CD44 cell surface pratein expression as described in the Methods 
section. (C) Flow cytometric results were quantified and expressed as 
the ratio of relative geometric mean values from the transfected cells to 
their mock (contrais) and are representative of three independent 
experiments. 
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Fig.3:	 CeU migration on hyaluronic acid is inhibited in RhoA- and MTl
MMP-transfected U-87 glioma cells. U-87 glioma cens were cultured 
on plastic dishes and subsequently transfected with empty vector 
(Mock) or cDNA plasmids encoding RhoA, Wt-MT1-MMP, or Ll1
MTI-lVIMP. Thirty-six hours post-transfection, cells (5xI04

) were 
harvested by brief trypsinization and seeded on hyaluronic acid- (grey 
boxes) or gelatin- (black boxes) coated filters. Migration was allowed 
to proceed as described in the Methods section. 
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Fig.4: Functional inhibition of ROK and the green tea catechin EGCg 
reverse RhoA- and MTI-MMP-induced shedding of CD44. (A) U
87 glioma cells were cultured on plastic dishes and subsequently 
transfected with empty vector (Mock) or cDNA plasmids encoding 
RhoA or Wt-MT1-MMP. Thirty-six hours post-transfection, cells 
(5x105

) were starved in serum-free media supplemented (or not) with 
20 ~ EGCg or 5 IlM Y27632 (a Rho-kinase inhibitor) for 18 hours. 
The conditioned media were then assessed for CD44 as described in 
the legend to Fig.2. (B) Quantification of the CD44 cell surface 
expression was performed by flow cytometry as described in the 
legend of Fig.2c for the RhoA- and MTI-MMP-transfected cells. (C) 
The effects of EGCg and of the ROK inhibitor were also assessed on 
RhoA, MTI-MMP, and CD44 gene expression by RT-PCR as 
described in the Methods section. 
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Fig.5: The green tea catechin EGCg and ROK inhibition reverse RhoA
induced expression of MTI-MlVIP. (A) U-87 glioma cells were 
cultured on plastic and subsequently transfected with empty vector 
(Mock) or RhoA cDNA. Thirty-six hours post-transfection, cells were 
treated (or not) for 18 hours with either 20 ~ EGCg or 5 ~ Y27603 
(ROK inhibitor). Cells were then Iysed and subjected to 9% SDS
PAGE, followed by an immunodetection of MT1-MMP or ERK. (B) 
Densitometric quantification was performed on three independent 
experiments. Probability values of less than .05 were considered 
significant, and an asterisk (*) identifies such significance against 
control (Mock-transfected cells), while (**) identifies significant 
difference between RhoA-transfected cells and RhoA-transfected cells 
followed by EGCg treatment. 
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Fig.6: ROK-induced CD44 shedding is inhibited by the green tea catechin 
EGCg. U-87 glioma cells were cultured on plastic and subsequently 
transfected with either an empty vector (Mock), a cDNA encoding a 
constitutively active ROK or a cDNA encoding Wt RhoA. Thirty-six 
hours post-transfection, cells were treated (or not) for 18 hours with 20 
!1M EGCg. (A) Cells were then Iysed and subjected to 9% SDS-PAGE, 
followed by immunodetection of Myc in order to detect the 
recombinant myc-tagged ROK and myc-tagged RhoA. The 
conditioned media from Mock-, ROK-, and RboA-transfected cells 
was also assessed for CD44 content as described in the legend to Fig.2. 
(B) Flow cytometry was used to monitor CD44 cell surface protein 
expression as described in the Methods section. Shaded plots represent 
the untreated cells, while the dotted plots represent the EGCg-treated 
cells. A representative experiment out of two independent treatments is 
shown. 
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Fig.7:	 Scheme of the proposed regulatory mechanism of RhoAIROK
mediated CD44 cell surface shedding leading to glioma infiltration 
in brain parenchyma. Brain tumor progression is characterized by the 
invasive and infiltrating character of the invading cells. These 
properties are, in part, mediated by MT1-MMP which regulates the 
degradation of the ECM through the formation of a trimolecular 
complex with TIMP-2 and the latent proMMP-2 form. This complex 
eventually leads to the release of an active MMP-2 form which 
regulates tumor invasion. On the other hand, MT1-MMP is also 
thought to be a multifunctional protein which regulates several 
pericellular processes at the cell surface of glioma cells that may 
reflect the infiltrating character of the brain tumor. In the basal state, 
MTI-MMP regulates CD44 cell surface expression and hyaluronic 
acid (HA) binding through a MAPK-dependent pathway (Annabi et 
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coll., 2004), and this is antagonized by inhibition of MT1-MMP 
functions by EGCg, a green tea catechin with anticancer and 
antiangiogenic properties. The profound cytoskeletal reorganisation 
induced by MTI-MMP's intracel1ular domain may also regulate CD44 
cel1 surface functional expression through the upregulation of both 
RhoA and MT1-MMP gene expression. EGCg can also antagonize this 
event by downregulating their gene expression levels. Overal1, 
RhoNROK intracellular signalling is an important step that regulates 
the mechanisms leading to infiltrating/metastatic processes involved in 
the interaction of glioma cel1s with their brain ECM environment and 
that could be efficiently targeted by the green tea catechin EGCg. 
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La régulation d'expression de la survivine dans le phénotype radiorésistant des 
glioblastomes est stimulée par RhoA et inhibée par le polyphénol du thé vert 

l'épigallocatéchine-3-gallate 

5Nancy McLaughlin l
• , Borhane Annabi2

, Mounia Bouzerhranel
, Achim Temme3

, 

Jean-Paul Bahary4, Robert Moumdjian5
, Richard Béliveau l 

L'aggressivité des glioblastomes multiformes (GBM) est renforcée dans les cellules 
tumorales radiorésistantes. La combinaison de la radiothérapie et la chimiothérapie a 
été envisagée comme approche thérapeutique pour GBM. Le but de cette étude est de 
déterminer la modulation de la réponse cellulaire à la radiation ionisante (IR) par 
l'épigallocatéchine-3-gallate (EGCg), un polyphénol du thé vert ayant des propriétés 
anti-cancéreuses et l'implication de médiateurs de la signalisation intracellulaire et 
d'inhibiteurs des protéines d'apoptose dans ce processus. Des GBM humaines, les U
87, ont été cultivées et transféctées par un recombinant de la survivine, RhoA et de la 
cavéoline-l. Les cellules transféctées ou non ont été irradiées par une seule dose 
subléthale. La prolifération cellulaire est analysée par compte nucléaire des cellules et 
l'apoptose détéctée par l'essai f1uorimétrique de la caspase-3. L'expression des 
protéines est analysée par immunobuvardage. L'IR (10 Gy) réduit alors la 
prolifération des U-87 de 40% via un mécanisme indépendent de la caspase-3. La 
surexpression de la survivine induit un effet cytoprotectif contre IR tandis que la 
surexpression de RhoA conférerait un effet de sensibilisation à l'IR. Les U-87 traitées 
préalablement avec EGCg ont montré une diminution du taux de prolifération 
dépendante de la dose de l'IR. L'effet inhibiteur de EGCg sur la croissance des U-87 
n'a pas été renvérsé par la surexpression de la survivine. Cependant, les cellules 
transfectées avec la survivine et prétraitées avec l'EGCg sont devenues sensibles à IR 
et l'expression de RhoA endogène de ces cellules était diminuée. Un potentiel 
thérapeutique de l'EGCg visant les voies intracellulaires anti-apoptotiques des 
cellules cancéreuses est suggérée pour agir en synergie avec l'IR. 
La radiorésistance des GBM est probablement médiée par un mécanisme dépendant 
de la survivine en conjonction avec RhoA. La combinaison de molécules naturelles 
anti-cancéreuses comme l'EGCg avec la radiothérapie pourrait être suggérée pour 
améliorer l'efficacité des traitements. 
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ABSTRACT
 

Introduction: Glioblastoma multifonne's (GBM) aggressiveness is potentiated in 
radioresistant tumor cells. The combination of radiotherapy and chemotherapy has 
been envisioned as a therapeutic approach for GBM. The goal of this study is to 
detennine if epigallocatechin-3-gallate (EGCg), a green tea-derived anti-cancer 
molecule, can modulate GBM's response to ionizing radiation (IR) and whether this 
involves mediators of intracellular signaling and inhibitors of apoptosis proteins. 
Material and Methods: U-87 human GBM cells were cultured and transfected with 
cDNAs encoding for Survivin, RhoA or Caveolin-l. Mock and transfected cells were 
irradiated at sublethal single doses. Cell proliferation was analyzed by nuclear ceH 
counting. Apoptosis was detected using a fluorimetric caspase-3 assay. Analysis of 
protein expression was accomplished by Western immunobloting. 
Results: IR (10 Gy) reduced control U-87 cell proliferation by 40% through a 
caspase-independent mechanism. The overexpression of Survivin induced a 
cytoprotective effect against IR while the overexpression of RhoA conferred a 
cytosensitizing effect upon IR. Control U-87 cells pretreated with EGCg exhibited a 
dose-dependent decrease in their proliferation rate. The growth inhibitory effect of 
EGCg was not antagonized by overexpressed Survivin. However, Survivin
transfected cells pretreated with EGCg became sensitive to IR and their RhoA 
expression was downregulated. A potential therapeutic effect of EGCg targeting the 
prosurvival intracellular pathways of cancer cells is suggested to act synergistically 
with IR. 
Conclusion: The radioresistance of GBM is possibly mediated by a mechanism 
dependent on Survivin in conjunction with RhoA. The combination of natural anti
cancerous molecules such as EGCg with radiotherapy could improve the efficacy of 
IR treatments. 

Theme: Disorders of the nervous system 

Topic: Neuro-oncology 

Keywords: Human glioma, Radiotherapy, Survivin, RhoA, EGCg, Green tea 

Abbreviations: 
EGCg: Epigallocatechin-3-gallate 
GBM: Glioblastoma multifonne 
IR: Ionizing radiation 



INTRODUCTION 

Glioblastoma multiforme (GBM) represents the most aggressive and invasive 

primary cerebral neoplasm in the adult population. Median length of survival without 

further therapy is usually less than one year from the time of diagnosis [18, 28]. 

When surgical excision is considered, the goal should be gross total removal to 

prolong quality survival [32]. However, the effect of surgical resection on the time to 

tumor progression and the median length of survival can only be optimized when 

combined with other therapies. For instance, conventional local field radiotherapy has 

been shown by itself to prolong median survival for 6-8 months [23]. Unfortunately, 

90% of patients receiving radiation therapy following GBM resection still develop 

tumor recurrence in the proximity of the primary site [30]. Neither whole brain 

irradiation nor high focal radiation doses can decrease the incidence or change the 

location of recurrences [45]. Ionizing radiation (IR)-induced alterations of the 

malignant behavior are not unique to astrocytic tumors and are still poorly understood 

[40]. Recent studies have reported that GBMs' recurrence following IR is partially 

mediated by an enhanced invasive character of radioresistant tumor cells, which 

makes them more difficult to treat [17, 59]. 

Chemotherapy is thus used either as an adjuvant, concurrent, or pre-irradiation 

treatment along with radiotherapy for malignant primary tumors. However, only 

modest benefits in survival have been reported [23, 34, 44]. More recently the 

combination of chemotherapeutic drugs such as temozolomide with molecules 

exhibiting an anti-angiogenic activity have been shown to be safe and more effective 

with respect to survival than the administration of the chemotherapeutic agent alone 

[9, 55]. Also attention has been focused on identifying naturally occurring substances 

capable of inhibiting, retarding or reversing the multi-stage carcinogenesis process. 

Recent reports have proposed that sorne phytochemicals can function as sensitizers, 

augmenting the effectiveness of conventional radiotherapy [15, 25]. Epigallocatechin
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3-gal1ate (EGCg), a major anti-oxydative green tea polyphenol, has been recognized 

for its anti-mutagenic and anti-carcinogenic properties [20, 48]. More recently, we 

have shown that EGCg also possessed anti-angiogenic properties as it suppressed 

vascular endothelial growth factor receptors functions in endothelial cells [33]. We 

have also demonstrated that EGCg efficiently targeted endothelial cells that escaped 

IR-induced apoptosis [6]. Whether this natural polyphenol can be used to target pro

survival pathways involved in GBM radioresistant phenotype is unknown. 

The identification of the molecular mechanisms underlying GBM 

radioresistance thus becomes essential for the development of combination therapies 

against this lethal condition. Survivin, along with other markers, has been proposed 

as a major factor for radioresistance in glioblastoma [13]. Survivin, belonging to the 

family of inhibitor of apoptosis proteins, is involved in the modulation of apoptosis 

[3, 16,36,46] in the regulation of cell growth [3, 49,52], in the regulation ofmitotic 

events such as chromosomal segregation and cytokinesis [54, 57], and in the process 

of angiogenesis [12, 39]. Its expression has been associated with enhanced malignant 

potential of gliomas, increased cell viability after IR exposure and adverse clinica1 

prognosis [14, 31]. Rho proteins, which belong to a family of small GTPases, are also 

involved in the control of key cellular processes such as modulation of the 

cytoskeleton, receptor intemalization, or cell adhesion [7, 22, 58]. More specifically, 

famesylated RhoB pathway has been suggested as a key factor in glioblastoma 

resistance to IR. Indeed, overexpression of RhoB in radiosensitive cells increased cell 

survival after IR [2]. Conversely, inhibition of RhoB led to the appearance of 

multinucleated cells and induced a post-mitotic cell death that led to decreased 

glioma cell survival [1]. Interestingly, the same effect was observed in glioma cells 

transduced with a p34cdC2 phosphorylation-defective SurvivinT34A, suggesting a link 

between Survivin and Rho proteins [53]. Although studies have shown that the 

expression of RhoA and RhoB were similar in brain tumors of grades II to IV [24], 



172 

the specifie role of RhoA, in conjunction with Survivin, in glioma radioresistance 

remains to be investigated. Caveolin-I, a protein associating RhoA to caveolae

enriched membrane domains [26, 42], is proposed to participate in cell survival and 

angiogenesis [37, 41]. The molecular implication of Caveolin-l in glioma 

radioresistance has also not yet been investigated. Bence, the goal of this study is ta 

determine whether EGCg can sensitize GBMs' response to radiation and whether 

specifie molecular markers are involved. 
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MATERIALS AND METHODS 

Materials: Agarose, (-)-epigallocatechin 3-gallate (EGCg), sodium 

dodecylsulfate (SDS), gelatin, and bovine serum albumin (BSA) were purchased 

from Sigma (Oakville, ON). FUGENE-6 transfection reagent was from Roche 

Diagnostics Canada (Laval, QC). Mouse anti-Survivin monoclonal antibody was 

from Cell Signaling Technology (Beverly, MA), mouse anti-RhoA monoclonal 

antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse anti

Caveolin-l monoclonal antibody was from BD Pharmingen (Mississauga, ON) and 

mouse ~-actin monoclonal antibody was from Sigma. Horseradish peroxidase

conjugated donkey anti-rabbit or anti-mouse IgG were obtained from Jackson 

Immunoresearch Laboratories (West Grove, PA). BCA protein assay kit was 

purchased from Pierce (Rockford, Il) and enhanced chemiluminescence (ECL)

Western blot kit from Chemicon International (Temecula, CA). Products for 

electrophoresis were bought from Bio-Rad (Mississauga, ON) and polyvinylidene 

difluoride (PVDF) membranes from Boehringer Mannheim. Trypsin was from 

INVITROGEN (Burlington, ON). 

Cel! culture and cDNA transfection: The U-118, U-138, and U-87 human 

glioblastoma cell lines were purchased from the American Type Culture Collection 

(Manassas, VA) and were maintained in Eagle's minimum essential medium (MEM) 

containing 10% (v/v) fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT), 

2 mM glutamine, 100 units/ml penicillin and 100 ).tg/ml streptomycin, and were 

cultured at 37°C under a humidified atmosphere containing 5% CO2. U-87 cells were 

transiently transfected with cDNA constructs using the non-liposomal FUGENE-6 

transfection reagent. The EGFP-tagged WT-Survivin cDNA construct has been 

described previously [54]. The Myc-tagged WT-RhoA cDNA construct was provided 
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by Dr Allan Hall (London, UK). GFP-tagged WT-Caveolin-l was provided by Dr 

Sung-Soo Yoon (Sung Kyon Kwan University, Korea). Transfection efficiency was 

analysed by Western blotting and fluorescent microscopy. All experiments involving 

these cells were performed 36 hrs following transfection. Mock transfection of U-87 

cultures with the empty pcDNA (3.1+) expression vector was used as controls. 

ECCg and irradiation treatment: Cells were treated in serum-free MEM 

supplemented (or not) with EGCg (3-30 f.LM) for 6 hours and were overlaid with 

sufficient medium to subsequently provide efficient build up doses. Cells were 

in-adiated with a 6 MY photon beam from an Elekta SL75 linear accelerator. The 

delivered radiation doses were measured using a thermoluminescence dosimetry 

(TLD) system with an accuracy of 7%. After irradiation, MEM containing 20% FBS 

was added and cultures were left to recuperate for 18 hours. Non-in-adiated control 

cells were handled similarly to the cells which were subjected to IR. 

Cel! proliferation assay: The extent of cel1 proliferation was assessed 18 

hours after irradiation. Cells were collected by gentle scraping and were resuspended 

in the overlaying medium. From each probe, 150 III homogenate was saved for 

nuclear cel1 counting using an automatic nuclear counter and its specific reagents 

(New Brunswick Scientific Co., Edison, NJ) and for cel1 number determination using 

Trypan blue for exclusion of dead cells. 

Fluorimetric caspase-3 activity assay: U-87 cells were grown to about 60% 

confluence and treated with EGGg or IR doses. Cells were col1ected and washed in 

ice-cold PBS pH 7.0. Cells were subsequently Iysed in Apo-Alert Iysis buffer 

(Clontech, Palo Alto, CA) for one hour at 4°C and the Iysates were clarified by 

centrifugation at 16,000g for 20 minutes. Caspase-3 activity was determined by 
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incubation with 50 /lM of the caspase-3-specific fluorogenic peptide substrate acetyl

Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC) in assay 

buffer [50 mM Hepes-NaOH (pH 7.4), 100 mM NaCI, 10% sucrose, 0,1% 3-[(3

cholamidopropyl) dimethylammonio]-l-propanesulfonate, 5 mM DTT and 1 mM 

EDTA] in 96-well plates. The release of AFC was monitored for at least 30 minutes 

at 37°C on a fluorescence plate reader (Molecular Dynamics) (Àex= 400nm, 

Àem=505nm). 

Immunoblotting procedures: Total protein lysates from control cells and 

treated cells were separated by SDS-polyacrylamide gel electrophoresis (PAGE). 

After electrophoresis, proteins were electrotransferred to polyvinylidene difluoride 

membranes which were then blocked ovemight at 4°C with 5% non-fat dry milk in 

Tris-buffered saline (150 mM Tris, 20 mM Tris-HCI, pH 7.5) containing 0.3% 

Tween-20 (TBST). Membranes were further washed in TBST and incubated with the 

primary antibodies (1/1,000 dilution) in TBST containing 3% bovine serum albumin, 

followed by a 1 hr incubation with horseradish peroxidase-conjugated anti-rabbit IgG 

(1110,000 dilution) in TBST containing 5% non-fat dry milk. The secondary 

antibodies were visualized by enhanced chemiluminescence and quantified by 

densitometry. 

Statistical data analysis: Data are representative of three or more independent 

experiments. Statistical significance was assessed using Student's unpaired t-test and 

was used to compare the relative proliferation rates. Probability values of less than 

.05 were considered significant. In each figure statistically significant differences are 

identified by an asterisk (*) for ECGg or IR treatment compared to control, while 

double asterisk (**) is to show significance between combined EGCg/IR treatment 

and either EGCg or IR treatment alone. 
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RESULTS
 

Sublethal, low, single dose IR partially inhibits U-87 and DAOY cell 

proliferation. We examined the proliferation rates of several human high grade 

astrocytoma (U-138, U-118, U-87) and medulloblastoma (DAOY) cell lines in 

response to increasing doses of IR (Fig.1). We observed a dose-dependent decrease of 

the cell proliferation rate at increasing IR doses, up to 30 Gy. DAOY was the most 

radiosensitive cell line, as the proliferation rate was decreased by 70% after 10 Gy 

and by 95% after 30 Gy exposures. U-87 cel1s were the most radioresistant cell line 

when compared to the other astrocytoma cel1 lines; their proliferation rate was 

decreased by only 40% after 10 Gy and by 50% after 30 Gy exposures. 

Sublethal, low, single dose IR inhibits U-87 cell proliferation by a caspase

independent mechanism. In order to assess whether the decrease in cell proliferation 

was due to IR-induced caspase-mediated apoptosis, we measured caspase-3 activity. 

In ail human astrocytoma cell lines analysed, radiation exposure up to 10 Gy did not 

induce caspase-3 activity (Fig.2). However, at 30 Gy, the caspase-3 activity was 

twofold increased in U-138 and U-118 cells, whereas in U-87 cells no significant 

increase in caspase-3 activity was detectable. In contrast, IR induced significant 

caspase-3 activity in DAOY cel1s even at doses as low as 3 Gy. These results 

prompted us to further investigate the possible apoptosis-independent mechanisms 

underlying the observed radioresistance of U-87 cells. 

Low dose IR induces the expression ofprosurvival proteins in U-87 cells. We 

investigated the protein expression of Survivin, RhoA, and Caveolin-1 in irradiated 

U-87 cells. We selected 10 Gy as the delivered IR dose since it was associated with a 

significant decrease in cell proliferation and absence of caspase-3 activity (Fig.1 and 

2). After exposure to IR, Survivin expression in U-87 control cells increased 2-fold 
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over basal expressIOn, while that of RhoA increased 4-fold (Fig.3a and 3b). 

Interestingly, the expression of Caveolin-l, a protein regulating RhoA functions, also 

increased by 4.5-fold in irradiated U-87 cells. O-actin and total Erk protein levels 

were not affected by IR (Fig.3a). 

Overexpression of Survivin and RhoA exhibits antagonistic effects on the 

radioresistant phenotype of U-87 cells. U-87 cells were cultured to 50% confluence 

and transfected with cDNA constructs encoding Survivin, RhoA, or Caveolin-l 

proteins. Transfection efficiencies were assessed by the presence of GFP positive 

cel1s in Survivin and Caveolin-l transfectants (FigAa) and by immunodetection for 

ectopie RhoA protein in RhoA-transfected cells (FigAb). Surprisingly, ectopie 

expression of Survivin induced RhoA, whereas recombinant Caveolin-l did not 

(FigAb). Mock-transfected controls and cells either expressing Survivin, RhoA or 

Caveolin-l, were then exposed to increasing doses of IR. In mock-transfected U-87 

cells, we observed a dose-dependent decrease in the cell proliferation rate (open 

circles) when cells were irradiated with doses up to 30 Gy. Interestingly, the 

proliferation rate of U-87 cells overexpressing Survivin (closed circles) did not 

decrease upon IR treatment, and maintained a proliferation rate similar to non

irradiated cells (FigAc). This clearly demonstrates that Survivin confers resistance to 

irradiation. Strikingly, cells overexpressing RhoA (closed squares) exhibited a 

significantly decreased cell proliferation rate in comparison to mock U-87 cells 

(FigAc). Overexpression of RhoA thus seems to render U-87 cells more sensitive to 

IR resulting in a decreased proliferation capacity. Overexpression of Caveolin-l 

(open squares) had no influence on the U-87 cel1 proliferation rate (Fig 4c). 

Survivin overexpression does not antagonize ECCg 's antiproliferative effect. 

Recent studies have demonstrated that EGCg, a green tea-derived polyphenol, 

inhibits the growth of various human cancer cel1lines [8,43, 51], particularly human 
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glioblastoma cells [61]. We further investigated the effect of EGCg on U-87 glioma 

ceJ1 proliferation. We show that EGCg indeed inhibited cell proliferation in a dose

dependent manner with an optimal inhibitory effect at 25 IlM of more than 70% 

(Fig.5a). Caspase-3 activity was measured in parallel and found not to be 

significantly induced by EGCg (Fig.5a) suggesting that the inhibition in cel! 

proliferation was not due to apoptosis. Cells were cultured to 50% confluence and 

transfected with cDNAs encoding for Survivin, RhoA, or Caveolin-l, treated with 

EGCg, and left to recuperate overnight. Maximal inhibition of proliferation (35-40% 

of untreated cells) was achieved with 25 !lM EGCg (Fig.5b). The growth of U-87 

cells overexpressing RhoA, Survivin, and Caveolin-l was also decreased by EGCg, 

similarly to the mock U-87 cells. We conclude that neither RhoA, Survivin, nor 

Caveolin-l were able to fully reverse EGCg's antiproliferative effect. Individual, 

maximally inhibitory treatments with EGCg (25 IlM) and IR (10 Gy) were also 

compared to show that only Survivin was able to reverse the inhibitory effect that IR 

has on cel1 proliferation. 

EfJect ofcombined EGCg and low dose IR on U-87 glioma cells proliferation. 

We studied the effect of a combined approach consisting of pre-treating U-87 cel1s 

with EGCg fol1owed by exposure to sublethal single IR doses on the protein 

expression levels of Survivin, RhoA, and Caveolin-l. EGCg did not affect the steady 

state protein levels of Survivin, RhoA and Caveolin-l in non-irradiated cells (Fig.6a). 

Interestingly, while IR induced the expression of Survivin, RhoA and Caveolin-l, 

EGCg pre-treated cells showed a dose-dependent decrease in the IR-induced protein 

expression of Survivin and of RhoA (Fig.6a). The protein expression levels of 

Caveolin-l were increased in cel1s treated with both EGCg and irradiation. The effect 

of this combined treatment was further investigated with respect to RhoA expression. 

U-87 cel1s were transfected with the Survivin cDNA, which induced RhoA 

expression (FigAb and Fig.6b). Interestingly, this effect was reversed when Survivin
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transfected cells were treated with EGCg but not when they were exposed to IR 

(Fig.6b). Consequently, the cytoprotective effect that Survivin has towards IR may, in 

part, be caused by RhoA signalling, which is significantly abrogated when cells are 

treated with EGCg. Most importantly, cel! proliferation assays showed that the 

combined EGCg/IR treatment was able to significantly decrease cel! proliferation 

when compared to individual EGCg or IR treatments (Fig.6c, left panel). 

Furthermore, the combined EGCg/IR treatment in U-87 cel!s overexpressing 

recombinant Survivin was able to reverse the cytoprotective effect that Survivin had 

towards IR (Fig.6c, right panel). Prosurvival intracel!ular pathways might thus be 

targeted by EGCg, a phytochemical that could be efficiently used as an adjunct to 

radiotherapy. 
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DISCUSSION
 

Glioblastomas multiforme (GBM) are highly invasive primary tumors of the 

adult central nervous system. Although radiotherapy is routinely prescribed in the 

management of high grade gliomas, its efficacy remains limited because of tumor cell 

radioresistance, enhanced invasive character following radiation and resultant tumor 

recurrence [17, 59]. In our study, we first analyzed the sensitivity of various human 

high-grade astrocytoma- and medulloblastoma-derived cell lines to ionizing radiation 

(IR). U-87 glioma cells were found to be the most radioresistant cell line, while 

DAOY medulloblastoma cells were the most radiosensitive cell line tested. This is in 

accordance with the reported radioresistance of glioblastoma cells [13, 17] and 

radiosensibility of medulloblastoma cells [35]. Studies have indeed shown that p53

mediated apoptosis is an important response of medulloblastomas to radiotherapy 

[19]. In contrast, p53 mutations are present in as much as 40-60% of GBMs [60], 

suggesting that either pro-survival mechanisms or p53-independent events may 

regulate their therapeutic response to IR [29]. 

In light of the emergence of several markers of glioma malignant progression, 

the molecular characterization of GBMs' radioresistance was next investigated. 

Among these markers, Survivin has been recently related to the malignant phenotype 

of gliomas as its expression is associated with glioma progression from low- to high

grade [14, 31]. Furthermore, Survivin expression is weil recognized as a predictor of 

adverse clinical prognosis for patients with gliomas [14], as it increases survival of 

primary GBM cell lines through its capacity to suppress caspase-mediated apoptosis 

[13] by directly binding to caspase-9 or by interacting with smac-DIABLO [38,47]. 

The effects of Survivin in our study support the lack of IR-induced growth inhibition 

that we observed in GBM. Furthermore, Survivin is also implicated in the regulation 

of cell division [3, 49] as it is localized in multiple components of the mitotic 
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apparatus and centrosomes and participates in cell cytokinesis [54, 57], a process that 

involves RhoA [4]. Novel functions of Survivin have been proposed to emerge 

following IR such as double-strand DNA break repair and enhancement of tumor cell 

metabolism potentially mediating radioresistance [13]. In addition, sorne studies have 

suggested that overexpression of Survivin may facilitate evasion from checkpoint 

mechanisms of growth alTest and promote resistance to chemotherapeutic regiments 

targeting the mitotic spindle [27]. Whether these mechanisms also regulate the 

radioresistant phenotype of GBM remains to be confirmed. 

Our study shows that IR exposure increases the basal expression of Survivin 

in U-87 glioma cells, possibly through RhoA-mediated intracellular signaling, and 

that this overexpression subsequently confers radioprotection against IR. Rho 

GTPases function as molecular switches that modulate the activation of several 

enzymes involved in different biological processes related to tumor progression, such 

as cell growth, transcriptional regulation, and apoptosis [7, 22, 58]. Interestingly, 

RhoA-induced apoptosis is independent of p53 but dependent on modulation of anti

apoptotic proteins [21]. In our study, whether RhoA expression was induced by IR or 

through cDNA cell transfection, a cytosensitizing effect was observed in U-87 cel1s 

which resulted in a significant decrease in cel1 proliferation fol1owing IR. On the 

other hand, although the overexpression of recombinant Survivin also induced RhoA 

expression, the resultant was rather a cytoprotective effect on cell proliferation 

fol1owing IR. This paradoxal effect might be explained by post-transcriptional 

modifications that would be induced by IR and that may alter RhoA's function or 

cellular distribution to specialized membrane domains. We previously reported that 

RhoA is associated with caveolae-enriched membrane domains, possibly through 

physical interaction with Caveolin-l [26]. Although caveolae regulate cel1 survival 

processes [37], we show that overexpression of Caveolin-l induced either by IR or 

cDNA cell transfection did not influence cel1 proliferation but may potential1y have 
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regulated RhoA's functions or localization. The interaction between RhoA and 

Caveolin-l in the context of IR is currently under investigation. 

One of the major features characterizing high-grade radioresistant gliomas is 

their infiltrating character. Recently, we showed that this phenotype might be linked 

to RhoA/Rok-mediated CD44 cell surface shedding which could be targeted and 

inhibited by EGCg, a green tea-derived polyphenol with anticancerous properties [5]. 

In light of this evidence and of recent studies which have shown that EGCg could 

serve as an IR enhancer on cancer cell lines [8], we investigated whether EGCg 

pretreatment prior to IR could reverse the cytoprotective effect of Survivin. We 

observed that the combined EGCglIR treatment was able to significantly decrease cell 

proliferation when compared to individual EGCg or IR treatments. Furtherrnore, the 

combined EGCg/IR treatment in U-87 cells overexpressing recombinant Survivin 

was able to downregulate RhoA expression and reverses the cytoprotective effect that 

Survivin exhibited towards IR. Although the exact molecular mechanism of EGCg is 

not completely understood, recent studies have shown that the inhibitory effect of 

EGCg on tumor cell proliferation might be transduced through its binding to the 67

kDa laminin receptor (67LR) [50], a protein whose expression is strongly correlated 

with tumor aggressiveness [11]. Interestingly, studies have shown that through its 

binding to the 67LR, EGCg may also reduce the phosphorylation of myosin II 

regulatory light chain, resulting in an increase in cells in the G2/M phase of cell cycle 

and ultimately in an inhibition of cell growth [56] possibly through increased cell 

radiosensitivity [10]. 

In conclusion, we demonstrate that the growth inhibitory effect of EGCg 

pretreatment efficiently antagonized both the IR-induced expression of Survivin, as 

weil as that of RhoA induced by overexpression of recombinant Survivin. A potential 

therapeutic impact of EGCg in targeting pro-survival and RhoA-mediated 
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intracellular pathways in cancer cells is suggested to act synergistically with IR. We 

propose that EGCg might potentiate IR's inhibitory effect on tumor cell proliferation 

by increasing the proportion of cells in a radiosensitive state. This natural 

phytochemical might thus be an important molecule to consider in combined adjuvant 

chemotherapy and radiotherapy. 
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Fig.1: Effects of ionizing radiation on the proliferation rates of malignant 
glioma and medulloblastoma cell lines. Single dose ionizing radiation (IR) 
was applied to subconfluent cells and cell proliferation rate was assessed 18 
hours after IR using an automatic nuclear counter and Trypan blue staining. 
CeII proliferation is expressed as a percent of the non-irradiated (control) cel! 
proliferation. 
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Fig.2: Ionizing radiation effects on caspase-3 activity in malignant glioma and 
medulloblastoma cell lines. Cells were grown to 60% confluence and were 
exposed to a single dose of IR. A representative caspase-3 activity profile for 
each cell line tested is presented and was assessed as described in the Methods 
section. 
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Fig.3: Expression of prosurvival proteins in malignant glioma cells exposed to 
ionizing radiation. U-87 cells were cultured and exposed to 10 Gy IR. Cell 
lysates isolated from control and irradiated conditions were electrophoresed 
on SOS-gels, and transferred to PVDF membranes. (A) Immunodetection of 
the specific proteins was carried out as described in the Methods section. (B) 
Quantification of protein expression was performed by scanning densitometry 
of control, non-irradiated U-87 cells (white bars) and of irradiated cells (black 
bars). 
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Fig.4: Effect of IR exposure on the proliferation rates of malignant glioma ceIls 
transfected with proteins involved in radioresistance. U-87 cells were 
transfected with cDNA constructs encoding for recombinant Survivin, 
Caveolin-1 or RhoA. (A) Transfection efficiency was confirmed by 
fluorescent microscopy in cells transfected with Survivin and Caveolin-1 and 
(B) by Western blotting in cells transfected with RhoA. (C) A dose-dependent 
decrease in the mock U-87 (open circles) proliferation rate is observed as cel1s 
are irradiated with increasing sublethal doses. The proliferation rate of U-87 
cells transfected with Survivin (closed circles), RhoA (closed squares), and 
Caveolin-l (open squares) is also shown. 
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Fig.S: Survivin overexpression does not antagonize EGCg's antiproliferative 
efTect. Subconfluent cells were exposed for 6 hours to increasing 
concentrations of EGCg (0-30 DM) and cell proliferation rate (white circle) 
and caspase-3 activity (black circle) were assessed following EGCg treatment 
as described in the Methods section. Results are expressed as a percent of the 
control untreated Mock cells (A). The proliferation rate was also assessed in 
U-87 cells transfected with Survivin, RhoA or Caveolin-1 cDNAs and further 
exposed to IR (black bars) or EGCg treatment (grey bars). Cell proliferation 
rate is expressed as a ratio of control untreated Mock cells (white bars). 
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Fig.6: EtIect of combined EGCg and low dose IR on U-87 glioma cell 
proliferation. U-87 cells were cultured and treated with EGCg (0-25 DM) for 
6 hours before IR (10 Gy) and left to recuperate ovemight at 37°C. (A) Cell 
lysates of each condition were electrophoresed on SDS-gels and 
immunodetection was carried out as described in the Methods section. (B) 
Mock or Survivin-transfected U-87 cells were also treated with either EGCg 
(upper panel) or IR (lower panel) and RhoA immunodetection performed in 
cell lysates, (C) Cell proliferation was performed in Mock and Survivin
transfected cells that were either treated with EGCg, irradiated (IR), or which 
were submitted to combined EGCgIIR treatment. 


