
Supplementary materials and methods  

 

Gene transduction and reporter gene activity assay  

Cells were transduced with pcDNA3.1-Hygro and pcDNA3.1-FZD4-Hygro as well as 

scrambled and SNAI1-specific small interfering RNA (siRNA) using Lipofectamine 2000 

(Invitrogen) or infected with pSuperRetro vectors (Oligoengine) inserted with short-hairpin (sh) 

shScramble, shFZD4, two shCaspase3, and two shPDCD4.  FZD4-shRNA: 5′-

acccagtctaatgagaactc-3′; Caspase3-shRNA1: 5′-aacagcctctatgacgacatc-3′; Caspase3-shRNA2: 5′-

agatggatgcttccaatctgg-3′; PDCD4-shRNA1: 5′-aacagcctctatgacgacatc-3′; PDCD4-shRNA2: 5′-

agatggatgcttccaatctgg-3′; Scramble-shRNA: 5′-agacggaggcttacagtctgg-3′.  SNAI1-siRNA: 5′-

UCCCAGAUGAGCAUUGGCAGCGAGG-3′; Scramble-siRNA: 5′-

CCUACGCCACCAAUUUCGU(dTdT)-3′. 

Luciferase reporter gene activity was determined in 293T cells by co-transfection of 

pcDNA3.1-control or pcDNA3.1-FZD4 with either pTOPFLASH (which contains multiple 

TCF/LEF-binding sites in the promoter of the firefly luciferase reporter gene) or pFOPFLASH 

(which contains mutated TCF/LEF-binding sites) plasmid using the Dual-Glo Luciferase Assay 

System.  Transfection efficiency was normalized to the activity of Renilla luciferase according to 

the manufacturer’s instructions (Promega). 

 

Microarray and data analysis 



Total RNA from glioma cell lines was isolated using TRIzol (Invitrogen) and an RNeasy 

mini kit (Qiagen).  The purity and integrity of the total RNA were checked by Bioanalyzer 

(Agilent).  Probe synthesis from total RNA samples, hybridization, detection, and scanning were 

done according to standard protocols from Affymetrix, Inc.  For data analysis, fluorescence 

intensity was processed and measured using a GeneChip scanner 3000.  By applying robust 

multiarray averaging as a normalization process, the raw intensity values were background-

corrected, log2-transformed, and quantile-normalized.  A multivariate permutation test was used 

to provide 95% confidence that the false discovery rate was <1%.  The false discovery rate is the 

proportion of the list of genes claimed to be differentially expressed but actually false positive. 

Array data are available from the NIH Gene Expression Omnibus (accession number 

GSE21570). 

 

mRNA and protein analysis 

Total RNA was isolated from cells using TRIzol (Gibco BRL) according to the 

manufacturer’s instructions.  For real-time RT-PCR, 3 μg DNase I-treated RNA was reverse 

transcribed to cDNA using a RevertAidTM First strand cDNA synthesis kit (Fermentas) according 

to the manufacturer’s instructions.  Real-time RT-PCR was conducted using iCycler IQ (Bio-

Rad) and IQ Supermix with SYBR-Green (Bio-Rad).  Gene-specific primer sets used in this 

study are available upon request.   

Whole-cell extracts prepared using RIPA lysis buffer were quantitated using the 

Bradford assay reagent (Bio-Rad), separated on a 10% SDS-PAGE NuPAGE gel (Invitrogen), 

and transferred to PVDF membranes (Millipore).  The membranes were blocked with 5% nonfat 



milk and incubated with the following antibodies: FZD4 (Novus), SNAI1, SLUG, β-catenin, 

twist, vimentin (all from Santa Cruz Biotechnology), p-GSK3 a/β (Cell Signaling), and α-tubulin 

(Sigma).  Membranes were then incubated with horseradish peroxidase-conjugated anti-

secondary IgG antibody and visualized with SuperSignal West Pico Chemiluminescent Substrate 

(Pierce). 

 

FACS analysis 

To detect and isolate FZD4high and FZD4low cells in the previously established primary 

human GSCs (35), the dissociated GSCs were incubated with anti-CD44 or control isotype 

antibodies for 1 hr, and followed by incubation with biotin-conjugated 2nd antibody and PE-

conjugated avidin (BD Pharmingen). Cells then were analyzed using a FACS Calibur (BD 

Pharmingen) or FACS Aria (BD Pharmingen).  

To analyze expression patterns of GSC (Nestin and CD133) and EMT (Vimentin and E-

cadherin) markers with FZD4, The dissociated GSCs were fixed with 4% paraformaldehyde, and 

subsequently permeabilized with 0.1% saponin. The cells were co-incubated with anti-FZD4 and 

each marker (anti-Nestin, anti-Vimentin, anti-CD133, and anti-E-cadherin) antibodies, and then 

subjected to co-staining with by PE and FITC. The stained cells were analyzed using a flow 

cytometry (FACS Calibur, BD).   

To analyze apoptosis, cells grown in 6-well plates were treated with DMSO and 500 nM 

staurosporine (Calbiochem) or 1mM temozolomide for 3 days.  Cell death was determined by 

flow cytometry after cells were double-stained with annexinV-fluorescence isothiocyanate (FITC) 

(BD Biosciences, 1:100) and 50 µg/ml propidium iodide (PI) (Sigma).  The percentage of cells 

was determined using FACSCalibur equipped with CellQuestPro software. 



  

In vitro invasion assay  

To detect invasive capacity of L4 and R4 cells, basement membrane matrix (Matrigel, 

BD Biosciences) was diluted to a final concentration of 1 mg/ml in cold serum-free cell culture 

medium.  The upper chambers of 24-well transwells (Corning Costar) were coated with diluted 

Matrigel (100 μl) and incubated at 37°C for at least 4-5 hr to allow gelling.  Cells were harvested 

with trypsin/EDTA, washed three times with serum-free cell culture medium, and resuspended in 

serum-free medium at a density of 3 × 105 cells/ml.  The cell suspension (100 μl) was plated onto 

the Matrigel in the upper chamber, and the lower chamber of the transwell was filled with 700 μl 

culture media.  After incubation at 37°C for 48 hr, the transwell was removed from the 24-well 

plates, and cells that had invaded into the lower chamber were stained with crystal violet and 

counted under a light microscope. 

To detect invasive capacity of GSCs (35), Matrigel (BD Biosciences) was diluted to a 

final concentration of 1 mg/ml in cold growth factors-depleted neural stem cell culture medium.  

The upper chambers of 24-well transwells (Corning Costar) were coated with diluted Matrigel 

(100 μl) and incubated at 37°C for at least 4-5 hr to allow gelling.  The dissociated GSCs were 

suspended in growth factors-depleted neural stem cell culture medium at a density of 1 × 105 

cells/ml.  The cell suspension (100 μl) was plated onto the Matrigel in the upper chamber, and 

the lower chamber of the transwell was filled with 700 μl normal neural stem cell culture media.  

After incubation at 37°C for 48 hr, the transwell was removed from the 24-well plates. Then, the 

suspended cells were harvested and counted under a light microscope.   

 



Specimens, immunohistochemistry, and immunofluorescence  

Mice harboring tumors and were perfused with PBS and 4% paraformaldehyde.  Mouse 

brain tumor tissues and human primary GBM specimens embedded in paraffin were sliced into 

5-µm-thick sections and stained with hematoxylin and eosin using standard histopathological 

techniques.  The tissue collection protocol was reviewed by the Institutional Review Board (IRB) 

for Human Research at the Samsung Seoul Hospital, Sungkyunkwan University.  Tumor sections 

were incubated with FZD4 antibody and examined with optical microscopy (Zeiss).  Cells fixed 

with 4% paraformaldehyde were incubated with anti-β-catenin and anti-vimentin for 12 hr at 4°C.  

Nuclei were stained with DAPI (1 µg/ml) for 5 min.  Fluorescence images were obtained with a 

confocal laser scanning microscope (LSM5 Pascal, Carl Zeiss).   

 

Statistics  

Data were analyzed using the two-tailed Student’s t-test.  P < 0.05 (*) and P < 0.01(**) 

were considered statistically significant.  Data are presented as the mean ± standard deviation. 
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Supplementary Figure S1.  Repression of caspase3 and PDCD4 expression in U87L4 cells 

leads to resistance to temozolomide.  

After caspase3-depleted U87L4 cells, PDCD4-depleted U87L4 cells, and control U87MGL4 

cells (U87L4-shScrabled cells), caspase3 or PDCD4-transiently overexpressed U87R4 cells, and 

control U87R4 cells treated with 1mM temozolomide for 3 days, apoptosis analysis was 

performed with annexin V-FITC and PI-based flow cytometry, *P < 0.05 (n = 3). 

 

  



 

Supplementary Figure S2.  FZD4 signature in human glioma stem cells.  

(A) FZD4-positive cells in three GSCs derived from human GBM patients were detected using 

anti-FZD4 antibody-based flow cytometry (Left graph).  In vitro invasion assay of three GSCs 

using Matrigel-coated transwell cultures (Right graph).   

(B) Invasiveness of FZD4high and FZD4low GSC4. Representative dot blot exhibiting cell ratios of 

FZD4high and FZD4low in the GSC4 (Left). A right graph shows quantification of invaded cells in 

FZD4high and FZD4low derived from GSC4. *P < 0.05 (n = 3).   

(C) Ratios of cells expressing low (L) and high (H) levels of markers (Nestin, Vimentin, CD133, 

and E-cadherin) in three FZD4high GSCs were detected by FACS. **P < 0.01 (n = 3).         


