


 

 

 

Abstract 

Background: Glioblastoma multiforme (GBM) is the most common primary intracranial 

tumor and despite recent advances in treatment regimens, prognosis for affected patients 

remains poor. Active cell migration and invasion of GBM cells ultimately lead to 

ubiquitous tumor recurrence and patient death. 

To further understand the genetic mechanisms underlying the ability of glioma cells to 

migrate, we compared the matched transcriptional profiles of migratory and stationary 

populations of human glioma cells. Using a monolayer radial migration assay, motile and 

stationary cell populations from seven human long term glioma cell lines and three 

primary GBM cultures were isolated and prepared for expression analysis. 

Results: Gene expression signatures of stationary and migratory populations across all 

cell lines were identified using a pattern recognition approach that integrates a priori 

knowledge with expression data. Principal component analysis (PCA) revealed two 

discriminating patterns between migrating and stationary glioma cells: i) global down-

regulation and ii) global up-regulation profiles that were used in a proband-based rule 

function implemented in GABRIEL to find subsets of genes having similar expression 

patterns. Genes with up-regulation pattern in migrating glioma cells were found to be 

overexpressed in 75% of human GBM biopsy specimens compared to normal brain. A 22 

gene signature capable of classifying glioma cultures based on their migration rate was 

developed. Fidelity of this discovery algorithm was assessed by validation of the invasion 

candidate gene, connective tissue growth factor (CTGF). siRNA mediated knockdown 

yielded reduced in vitro migration and ex vivo invasion; immunohistochemistry on 



 

 

applied to an in vitro model system of glioma migration. Gene expression profiles of a 

panel of seven established glioma cell lines and three primary glioma cultures, induced to 

migrate for 24 hours, were established. They revealed two signatures of migrating and 

stationary glioma cells and selected candidates were validated clinically on a 

comprehensive glioma expression data set, a glioma invasion tissue microarray (TMA) 

and functionally in migration assays and ex vivo rat brain slice assays.  

 







 

 

were not statistically (p>0.1) differentially expressed were identified with ANOVA and 

removed. Genes that are not differentially expressed are considered non-informative and 

removed to reduce the complexity of the data. 

In order to identify genes whose expression was consistently up- or down-

regulated in rim cells as compared to their corresponding core cells across all cell lines, a 

pattern recognition approach integrating a priori knowledge about transcriptional 

differences between rim and core populations was employed. Principal component 

analysis (PCA) was used to determine components of variation in the data whereby 

patterns can be identified that discriminate samples (i.e. rim from core) [15, 16].  Genes 

whose profiles correlate (r>0.6 and are visually similar) with the discriminatory PCA-

derived patterns serve as probands and are used in the proband-based rule function within 

the Genetic Analysis By Rules Incorporating Expert Logic (GABRIEL), a platform of 

knowledge-based algorithms that incorporate biological knowledge to enable systematic 

microarray analysis, to find sub-sets of genes with similar expression patterns [17].  One 

of GABRIEL’s functions can readily identify additional genes whose expression profiles 

correlate with those of pre-selected proband genes.  Both false discovery and false 

negative rates (FDR and FNR, respectively) are used to estimate significance of selected 

genes compared to random chance [18].  Proband analysis was performed with the 

correlation coefficient threshold set at 0.8 for each proband. Genes identified were 

categorized according to their Gene Ontology into classes deemed significant for glioma 

biology. 

Migration rates from the replicates of the 7 glioma cell lines and 3 primary 

cultures were averaged and binned into fast (>average migration rate) and slow migration 









 

 

phenotype of multiple glioma cell lines in vitro to allow for candidate discovery and 

functional validation. Whole human genome oligonucleotide microarray was employed to 

analyze gene expression profiles of migratory and stationary cells isolated from 7 

established glioma cell lines and three primary cultures of human glioma biopsies. To 

ensure statistical rigor of this study, samples presenting migratory and stationary 

phenotype were collected in a randomized fashion as three independent biological 

replicates.  These replicates provided sufficient statistical power for a 1.5-fold sensitivity 

between migratory and stationary cells. Quality control through technical replicates 

ensured that, as expected, technical variation in the array data was lower than biological 

variation between samples or cell lines. 

As a first step of data analysis, genes that were not differentially expressed 

between phenotypes (i.e. stationary vs. migratory) were filtered through one-way 

ANOVA performed across all samples. We sought a pattern of individual genes 

responsible for differences between these phenotypes that may be involved in directing 

cell behavior. In a simplistic approach, we identified up-regulation and down-regulation 

patterns to find subsets of genes with correlated expression. PCA was employed to reduce 

high dimensional array data into components that represent the majority of variation 

within the data. All 20 PC scores were examined even though the patterns of interest (rim 

vs. core) were thought to represent only a small proportion of variation, which should 

materialize in higher components. Visual analysis of PCA scores yielded anticipated 

signatures in the higher PCs, specifically PC 9 and 10 representing a small fraction (3.4% 

and 2.9%, respectively) of the total variation. This observation indicates that the majority 

of variation within the expression changes in the dataset is a consequence of intrinsic 
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Figure 1: Hierarchical clustering of expression patterns of 20 core and rim samples (A). 

Scatterplot of principal component (PC) 9 against PC10 reveals two clouds representing 

core (black symbols) and rim samples (white symbols), respectively (B).  

Proband gene AK098354 shows strong correlation with PC9, containing genes down-

regulated in rim population (stationary signature) while cystein rich 61 (Cyr61) exhibits 

strong correlation with up-regulation pattern of PC10 (migratory signature). GABRIEL 

was used to detect genes with similar expression patterns to proband genes AK098354 

and Cyr61 (C). 

 

Figure 2: Technical validation of microarray data by quantitative RT-PCR (QRT-PCR). 

Average Log2 expression of relative mRNA copy numbers derived from three replicate 

microarray experiments and QRT-PCR of migratory (rim)  over stationary (core) glioma 

cells (error bars=SD). Concordance between directionality of differential regulation 

between migratory and stationary cells for microarray and QRT-PCR data is displayed in 

parentheses (CYR61=cystein rich 61, CTGF=connective tissue growth factor, 

RRAS2=related RAS viral oncogene homolog 2, RhoA=ras homolog gene family 

member A, PCAF=p300/CBP-associated factor, ITM2B=integral membrane protein 2B, 

ZNF436=zinc finger protein 436, MADH1=mothers against decapentaplegic homolog 1 

(A). Expression pattern of migratory (B) and stationary signatures (C) in comprehensive 

glioma expression data set (NB=normal brain, LGA=low grade astrocytoma, 

AA=anaplastic astrocytoma, GBM=glioblastoma multiforme). Bar indicates genes 

significantly (P < 0.05) differentially expressed between tumors and normal brain. 
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