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Abbreviations 

APC – Adenomatous Polyposis Coli Protein 
AXIN2 – Axis inhibiton protein 2 
CS – „Complex Score” 
DAAM1– Dishevelled-associated activator of morphogenesis 1 
DNA – Deoxyribonucleic acid 
DVL1 – Dishevelled segment polarity protein 1 
EGFR – Epidermal growth factor receptor 
EMT – Epithelial–mesenchymal transition 
FFPE – Formalin-Fixed Paraffin-Embedded 
Fzd – Frizzled 
GBM – Glioblastoma 
GO – Gene ontology 
GSK-3β – Glycogen synthase kinase 3β 
IDH1/2 – Isocitrate dehydrogenase 1 and 2 
IHC – Immunohistochemistry 
LEF1 – Lymphoid enhancer factor 1 
LRP6 – Low density lipoprotein receptor-related protein 6  
MUTH – Markusovszky University Teaching Hospital 
NF-1 – Neurofibromin 1 
NGS – Next generation sequencing 
NLK – Nemo Like Kinase 
PCR – Polymerase chain reaction 
UP –University of Pécs 
ROI – „Region of Interest” 
ROR2 – Receptor tyrosine kinase-like orphan receptor 2 
Ryk – Receptor-like tyrosine kinase 
RRBS – Reduced representation bisulfite sequencing 
TCGA – The Cancer Genome Atlas 
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1. Introduction 

Glioblastoma (GBM) is the the most severe (grade IV) 
glioma and the most common primary brain tumor with a 
median overall survival of 14–20 months [1,2]. The 
currently used therapeutic intervention is described by Stupp 
et al. [1]. The majority of GBMs (90-95%) develop de novo. 
These primary GBM tumors show aggressive and highly 
invasive properties, and typically occur in older adults 
(median age 62 years). In contrast, secondary GBMs are less 
frequent (5–10%) and develop at a younger age (median age 
45 years) as a result of progression from lower-grade 
gliomas [3]. Molecular properties of the primary and 
secondary GBMs differ as they accumulate different 
mutations and activate different pathways during their 
formation. 
“The Cancer Genome Atlas” (TCGA) published the first 
comprehensive identification of the most common somatic 
mutations accumulated in GBM, and also separated the 
classical, mesenchymal and proneural molecular subgroups 
based on integrated analyses of genomic and transcriptomic 
data [4,5]. The classical subgroup is characterized by EGFR 
(epidermal growth factor receptor) amplification, and 
EGFRvIII mutation. Deletions/mutations in the NF-1 
(neurofibromin 1) gene are common in the mesenchymal 
subgroup. Finally, the p53 and IDH-1/2 (isocitrate 
dehydrogenase 1/2) genes are frequently mutated in the 
proneural subgroup. The mutant IDH enzyme produces an 
oncometabolite that profoundly affect DNA CpG 
methylation genome-wide and consequenty influences 
transcriptional profiles [6]. Overall, a genome-wide shift 
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towards hypomethylation of CpGs is characteristic of 
cancers, which, however, may occur with locus-specific 
hypermethylation [7-9].  
We focused our studies on the activity and expression 
regulation of Wnt pathway in GBM [10-13]. The 
involvement of the Wnt pathway is well defined in many 
tumors, but relatively little information is available in 
gliomas. Both the canonical and the non-canonical Wnt 
subpathways are highly conserved, and play key roles in the 
early stages of embryogenesis as well as in pathological 
conditions such as cancer development [11-13]. 
Reactivation of the Wnt pathway in tumors is predominantly 
caused by epigenetic changes rather than by mutations. The 
activation or inhibition of the pathway is not only based on 
ligand-receptor binding, but is also influenced by negative 
and positive regulators. A few studies suggest that 
expressions of most Wnt ligand and frizzled (Fzd) receptor 
proteins are significantly higher in GBM than in normal 
brain [14, 15], while the highest in the invasive zone [16,17]. 
Wnt mRNA molecules are also overexpressed in GBM as 
well as in other, lower grade gliomas [5, 17, 18,]. Though 
the relationship between Wnt pathway markers and IDH 1/2 
mutations is of major interest, it has not been unequivocally 
defined [13, 19, 20].  
Taken together, both the canonical and non-canonical Wnt 
pathways play prominent roles in the development, spread, 
chemo- and radiation therapy resistance and recurrence of 
GBM. Therefore, a better understanding as to how the 
pathway works may be key to the management of GBM, and 
some of its elements may also be potential treatment targets.  
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2. Hypotheses and Aims 

Hypotheses 

The Wnt canonical and non-canonical pathway elements: 

1. Play important roles in the development of gliomas 
depending on grade, histological subtype and molecular 
characteristics; 

2. Are differentially expressed in molecular subgroups and 
during the progression of GBM; and 

3. Are expressed at least under partial control of promoter 
and gene CpG methylation during tumor progression. 

Aims 

1. Quantitative IHC (immunohistochemistry) analyses of 
Wnt pathway marker expression patterns according to 
glioma grade, histological origin and molecular 
characteristics; 

2. Investigation of the Wnt pathway marker expression 
patterns by quantitative IHC in classical, mesenchymal 
and proneural subgroups of GBM; 

3. Analyses of the relationship between protein expression 
and promoter+gene CpG methylation in elements of Wnt 
pathway markers by RRBS (reduced representation 
bisulfite sequencing), NGS (next generation sequencing) 
and quantitative IHC in sequential GBMs.  
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3. Materials and methods 

3.1. Subjects of the studies in general 
Glioma samples were collected at the Department of 
Pathology, Markusovszky University Teaching Hospital 
(MUTH), and at the Institute of Pathology, University of 
Pécs (UP). The studies were carried out in the laboratories 
of MUTH and the Szentágothai János Research Center. 
Glioma samples of grade II, III and IV were obtained before 
radiotherapy and/or chemotherapy. All primary samples of 
GBM pairs were obtained by surgery before chemo- and 
radiotherapy, while recurrent samples were obtained after 
treatment. Local and regional ethical committee (EC) 
approvals include MUTH EC 56/2012, 21/2014, 28/2014, 
025782-003/2014 and UP EC 7517- 2018 and -2019.  

3.2. Expressions of Wnt pathway markers according to 
glioma grade, lineage and molecular determinants 

A total of 72 grade IV FFPE (formalin-fixed paraffin-
embedded) glioma samples from 69 patients and 19 grade II 
and III glioma samples from 19 patients were analyzed. 

3.3. Expressions of Wnt pathway markers in GBM 
molecular subgroups 

Three cohorts were studied. In cohort 1, 81 cross-sectional 
FFPE samples from a total of 78 patients were included. 
Patients' age, sex and overall survival (weeks between 
surgery and death) were used for correlations with molecular 
subgroups. Cohort 2 consisted of 19 sequential FFPE GBM 
samples from 8 patients. Cohort 3 included 8 FFPE post-
mortem sections each including a normal brain region, 
invasion zone and GBM.  
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3.4. Expressions of Wnt pathway markers in correlation 
with their promoter and gene CpG methylation 
profiles in sequential GBM 

This study was conducted in two subcohorts. In cohort 1, 21 
pairs of primary (GBM-P) and recurrent (GBM-R) FFPE 
GBM samples were included from the Pathology 
Department, UP. In Cohort 2, we used the publicly available 
methylome data of sequential FFPE GBMs by Klughammer 
et al. [21].(https://www.ebi.ac.uk/ena: EGAS00001002538). 
In the IHC analyses, 6 postmortem normal brain tissues, 
while in the epigenomic analyses, 5 epilepsy surgery 
samples from the European Nucleotide Archive database 
were used as a controls [21]. 

3.5. Immunohistochemistry 
Primary antibodies were optimized in a pilot study. Tissue 
samples were retrieved by citrate buffer, or by proteinase K 
treatment. Binding of primary antibodies was detected by 
using the Novolink Polymer Detection System. For each 
section, a pathologist selected the “region of interest” (ROI). 
The percentage of stained cells and the staining intensity 
within the ROI were determined, and multiplied by each 
other to generate the “Complex Score” (CS). Grade II and 
III astroglial and oligodendroglial tumors were distinguished 
by histological and molecular studies following the 2016 
revision of the WHO guideline for brain tumor classification 
[22]. For IDH-1 R132H and EGFRvIII, the presence or 
absence of the mutant molecule was recorded. For Wnt3a, 
beta-catenin, Fzd10, Wnt5a, Wnt7b and Fzd2, as well as for 
EGFR and NF-1, the CS values were calculated. 
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3.6. DNA isolation 
Four-five sections were made from the FFPE tissue blocks. 
After deparaffinization, DNA was isolated by using the a 
QIAamp DNA FFPE Tissue Kit. DNA fragment analysis for 
the epigenomic study was performed by using the Genomic 
DNA ScreenTape Assay kit on an 4200 TapeStation System. 

3.7. Pyrosequencing 
The IHC detected IDH-1 R132H mutations were validated 
and further refined by pyrosequencing. PCR (polymerase 
chain reaction) and sequencing primers were synthesized 
based published sequences by the BioScience Kft. The 
reverse PCR primer was biotin conjugated.  

3.8. Epigenomics 
We used the reduced representation bisulfite sequencing 
(RRBS) kit 24x for library preparation following the 
manufacturer’s instructions (Diagenode). To compensate for 
DNA quality variations in the samples, we increased the 
amount of input DNA from the recommended 200ng to 
higher amounts.  
DNA was digested by MspI that recognized CCGG sites, 
thus samples were enriched for fragments ending with CpG. 
After end preparation, adapter ligation and size selection, 
samples were pooled to undergo bisulfite conversion. 
Converted libraries were PCR amplified and checked for 
quality and quantity, before sequencing on a NextSeq 550 
sequencer. Raw sequencing data were uploaded to the 
European Nucleotide Archive (https://www.ebi.ac.uk/ena, 
Primary Accession: PRJEB38380, Secondary Accession: 
ERP121800). 
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3.9. Bioinformatics 
The raw sequence data was filtered by the FastQC program 
and adapters were removed. Bisulfite-converted reads were 
compared to the hg19 (GRCh37) reference genome. The 
RnBeads software was used to determine differentially 
methylated CpG sites, genes, regions, and gene ontology 
(GO) pathways comparing controls and primary and 
recurrent GBM samples at cohort level. DNA methylation 
levels in individual promoter+gene regions of selected Wnt 
pathway markers were determined by using an in-house 
script prepared in the BioMethyl R package. Methylation 
levels were given as percentages calculated from the 
identified numbers of methylated sites with the relative 
degree of methylation at each site also computed in the 
numerator that was divided by the number of all possible 
methyltated sites within the selected genomic region of 
interest, and then multiplied by 100. We also assessed 
methylation levels within enhancers of the selected six Wnt 
markers using the GeneCards Genhancer program for the 
database GBM samples. 

3.10. Statistics 
The Mann-Whitney U test was used to compare two 
independent samples, while the Wilcoxon signed rank test 
was used for dependent sample pairs. When comparing 
several samples simultaneously, the Kruskal-Wallis test was 
used. The relationships between Wnt markers and subgroup 
determinants, or markers and overall survival data were 
examined by the Kendall’s τ correlation analysis. Kaplan-
Meier curves were used for comparing the overall survival 
data in different subgroups of GBM.  
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4. Results  
4.1. Expressions of Wnt pathway markers according 

to glioma grade, lineage and molecular 
determinants 

Significantly higher expression levels were observed for 
Wnt5a (grade III vs. grade IV p<0.001) and Wnt3a (grade II 
vs. grade IV p=0.036; and grade III vs. grade IV p=0.001) in 
72 GBM samples compared to 9 grade II and 10 III gliomas. 
We detected a gradual increase in the expression levels of 
Wnt markers with increasing tumor grades. In the case 
where the merged 19 grade II-III gliomas were compared to 
72 grade IV GBM, the expression of Wnt5a (p<0.001), 
Wnt3a (p<0.001) and cytoplasmic beta-catenin (p=0.039) 
were elevated in GBM. When GBM samples were compared 
to 8 normal brain region samples, all markers (except 
Wnt3a) showed elevated expression (Wnt5a p=0.004; Fzd2 
p=0.015; cytoplasmic beta-catenin p<0.001; nuclear beta-
catenin p=0.001) in the tumors. Only the citoplasmic 
(p=0.016) and nuclear (p=0.030) expression of beta-catenin 
differed between the normal brain regions and the grade II-
III tumors.  
In the 8 astroglial and 11 oligodendroglial sample 
comparisons, only the expression of Wnt5a was significantly 
higher in the astroglial group (p=0.02). 
Of the 19 grade II-III gliomas, 15 were IDH-1 mutant and 4 
wild-type. No significant differences were found in the 
expression levels of Wnt markers in the mutant vs. wild-type 
samples. When we compared CS values of Wnt markers in 
all 91 gliomas (grade II–IV), only Wnt3a showed 
significantly higher expression (p=0.006) in the IDH-1 wild-
type, which consisted of 69 samples. 
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4.2. Expressions of Wnt pathway markers in GBM 
molecular subgroups 

In the cohort 1 cross-sectional studies, 61.7% (50/81) of 
tumors from 78 patients segregated into one of the GBM 
subgroups (Figure 1).  

Figure 1: Segregation of GBM specimens based on key 
markers.  

The 7 patients with IDH-1 R132H mutant GBM (proneural 
subgroup) were younger (p=0.05) than the 74 patients with 
IDH-1 wild type GBM, while the 15 patients with double 
NF-1 negative (cytoplasm-/nucleus- or c-/n-, mesenchymal 
subgroup) GBM were older than the 66 patients with NF-1 
protein expressing GBM (p=0.039). There was no age 
difference between the 27 patients with EGFRvIII mutant 
(classical subgroup) and the 54 patients with EGFR wild 
type tumors. When the patients’ overall survival figures 
were compared based on GBM subgroups, no significant 
differences were observed, except for the longer survival of 
patients with  IDH-1 R132H mutant tumors (p=0.052) 
compared to those with IDH1 wild-type tumors. 

IDH-1 
R132H 
positive 

(proneural)
7 patients

(9%)

EGFRvIII 
positive (classical)

27 patients
(33%)

NF-1 negative and 
EGFRvIII 

positive
1 patient

(1%)

NF-1 negative 
(mesenchymal)

15 patients
(19%)

Unclassified
31 patinets 

(38%)
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When we compared Wnt expression levels among the 
molecular subgroups, no significant differences were found. 
Nevertheless, we detected significant differences in the 
expression distribution levels of the canonical and non-
canonical pathway markers within subgroups. In the 
proneural subgroup which consisted of 7 patients, significant 
difference was only observed between Wnt5a and Wnt3a 
(p=0.012). More striking differences were seen in the 
mesenchymal subgroup with 15 patients: Wnt5a expression 
was significantly higher (Wnt5a vs. Wnt3a p<0.001; Wnt5a 
vs. cytoplasmic beta-catenin p=0.002; Wnt5a vs. nuclear 
beta-catenin p<0.001) than any of the canonical pathway 
markers. Also, Fzd2 showed increased expression compared 
to Wnt3a (p=0.009) and nuclear beta-catenin (p=0.04). In 
the classical subgroup of 27 patients, Wnt5a had higher 
expression than Wnt3a (p=0.021) and nuclear beta-catenin 
(p<0.001), and Fzd2 also had higher CS values than nuclear 
beta-catenin (p=0.046). Finally in the unclassified subgroup 
with 31 patients, Wnt5a levels were significantly higher than 
Wnt3a (p<0.001) or nuclear beta-catenin levels (p<0.001), 
while Fzd2 also had higher CS values than nuclear beta-
catenin (p=0.01). Only in this subgroup did we find 
significantly higher expression levels of cytoplasmic that 
nuclear beta-catenin (p=0.005). Regarding the IDH-1 
mutation status, only Wnt5a alone showed a tendency for 
increased expression (p=0.071) in mutant GBM group. 
Both NF-1 and beta-catenin are known to localize to the 
cytoplasm under normal circustances, but translocate to the 
nucleus or lost in tumors. In our cohort, the expression of 
nuclear beta-catenin was higher in the subgroup with nuclear 
NF-1 expression or NF-1 lost phenotype compared to those 
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with cytoplasmic NF-1 expression (p=0.021 and p=0.03, 
respectively).  
When analyzing the relationship between molecular 
subgroup and Wnt pathway markers, we only detected 
correlation between the cytoplasmic (p=0.01) or membrane 
EGFRvIII (p=0.035) expression levels and Fzd2 levels. 
In the combined cohort 1 analysis, Wnt5a significantly 
correlated with Fzd2 (p=0.036). 
In the sequential cohort 2 study, we detected no significant 
differences in the expression levels of any of the Wnt 
markers when comparing the primary and recurrent GBM 
pairs of eight patients. 
In the post-mortem cohort 3, a gradual increase in the 
expression levels of Wnt markers was noted when regions 
of normal tissue - invasion zone - tumor were compared. The 
expression of Wnt5a (p=0.003) and Wnt3a (p=0.029) was 
the lowest in normal brain tissue and the highest in the tumor 
central zone. 
4.3. Expressions of Wnt pathway markers and DNA 

methylation patterns in sequential glioblastoma 
In our cohort level genome-wide methylation analyses, 
Wnt7b, Wnt11 were hypermethylated, while Wnt6 was 
hypomethylated in GBM-P compared to the GBM-R group. 
For receptors and co-receptors, Fzd1, Fzd3, Fzd10, LRP6 
(Low density lipoprotein receptor-related protein 6), and 
ROR2 (Receptor tyrosine kinase-like orphan receptor 2) 
were hypermethylated, and Ryk (Receptor-like tyrosine 
kinase) was hypomethylated in GBM-P and GBM-R 
comparison. Among the intermediate molecules of the 
canonical pathway, AXIN2 (Axis inhibiton protein 2) was 
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hypermethylated, while APC (Adenomatous Polyposis Coli 
Protein), DVL1 (Dishevelled segment polarity protein 1), 
GSK-3β (Glycogen synthase kinase 3β), LEF1 (Lymphoid 
enhancer factor 1) were hypomethylated in GBM-P vs. 
GBM-R. Among the intermediate molecules of the non-
canonical pathway, DAAM1 (Dishevelled-associated 
activator of morphogenesis 1) was hypermethylated and 
NLK (Nemo Like Kinase) was hypomethylated in GBM-P 
vs. GBM-R comparison.  
These cohort level observations prompted us to 
simultaneously investigate protein expression and DNA 
CpG methylation levels for selected Wnt pathway markers 
in individual control (C-PM in IHC, C-DB in epigenomics), 
and GBM-P and GBM-R samples. 
Compared to C-PM controls, significantly higher protein 
expressions were observed for Wnt5a (p=0.003) in GBM-P 
and for Wnt3a (p=0.003) in GBM-R. The expression levels 
of Fzd10 were uniformly very low in all of GBM-P, GBM-
R and C-PM samples. Further, a significant decrease was 
noted for Fzd2 in GBM-P compared to C-PM (p<0.001). 
The Wnt7b protein expression was high in C-PM, with a 
small decrease in GBM-P and significant drop in GBM-R 
(p=0.005). When we compared the expressions of Wnt 
markers at individual level in the GBM-P and GBM-R 
sample pairs, Wnt3a (p=0.009) and Fzd2 (p=0.016) showed 
a significant increase during progression. In case of Wnt7b 
(p=0.019), we observed an inverse pattern. 
Comparing the Wnt marker methylation patterns in 
promoter+gene regions of individual GBM-P and GBM-R 
samples, no significant differences were detected. However 
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in the C-DB, GBM-P and GBM-R comparisons, 
significantly higher methylation levels were noted for 
Wnt3a (p=0.028) and Wnt7b (p=0.015) in C-DB compared 
to GBM-P, and for Wnt3a (p=0.012) and Wnt7b (p=0.034) 
in C-DB compared to GBM-R. The methylation levels of 
Fzd10 were markedly higher then those of other Wnt 
pathway markers in samples of C-DB, GMB-P and GBM-R.  
We found no differences in the methylation levels of the six 
Wnt markers in the 21 GBM-P and GBM-R sample pairs. 
To validate these observations, we also assessed the 
methylation levels within the promoter+gene regions of the 
six markers in a sequential database cohort of 112 patients 
with GBM [21]. Similar to our own results, we found no 
changes in methylation levels of the selected Wnt 
promoters+genes during tumor progression. 
We only found partialy negative correlation when 
comparing the protein expression and promoter+gene CpG 
methylation levels in the controls and our sequential GBM 
samples. Therefore, we also assessed the methylation levels 
within enhancer regions of the six Wnt markers in both our 
smaller and the database larger GBM cohorts. The enhancers 
with GeneHancer ID of Wnt7b GH22J045611, Fzd10 
GH12J130124 and Fzd10 GH12J130138 had markedly 
higher methylation than other enhancers in the database 
GBM samples, and the methylation levels of these three 
enhancers were also higher in GBM-R than in GBM-P. 
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5. Discussion 

Our studies underscored the involvements of Wnt pathway 
markers in GBM, and thereby provided further support for 
considering these pathway elements as therapeutic targets.  

In our first substudy, we analyzed the relationship between 
Wnt marker expression and glioma grade, lineage and 
molecular profile. Pu et al. [23] and Denysenko et al. [24] 
reported smiliar results to our own showing correlations 
between Wnt marker expression levels and glioma grade, 
and very low levels of these markers in normal brains. [23, 
24]. Wnt markers showed no expression differences 
according to IDH-1 mutation status in grade II, III or IV 
glioma subgroups, but Wnt3a appeard significantly higher in 
the IDH-1 wild type vs. mutant combined grade (II-III-IV) 
comparions. The literature on the relationship between IDH 
mutation and Wnt pathway marker expression is divided. 
Some researchers found that IDH-1 mutation causes a 
significant decrease in the proliferative and invasive 
potential of gliomas due to repression of beta-catenin 
signaling [19]. Others, however, found that in patients with 
tumors carrying IDH-1 mutation have high activity of the 
canonical Wnt pathway [20, 25]. It is highly likely that there 
is an association between the Wnt pathway activity and the 
IDH mutation status, however, this relationship remains to 
be clarified. Thus far, we and others detected only suggestive 
relationship between Wnt marker expression and glioma 
lineage, prompting further efforts to gain final conclusions. 

In the second substudy, consistent with previous 
observations, patients in the proneural subgroup with the 
IDH-1 R132H mutation were the youngest and had the 
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longest overall survival, while patients in the mesenchymal 
subgroup, who lost both cytoplasmic and nuclear NF-1 
expression, were the oldest and with the shortest survival [5, 
12, 22].  

We detected no significant differences in the expression 
levels of Wnt markers among the GBM molecular 
subgroups. However, significant differences were noted in 
the distribution patterns of these markers within subgroups, 
particularly in the non-canonical vs. canonical comparisons 
in the mesenchymal subgroup. Reports from TCGA and 
several other publications support our findings regarding 
Wnt5a overexpression in the mesenchymal subgroup [5, 15]. 
In the classical subgroup, correlations were observed 
between EGFR expression and both the canonical and non-
canonical Wnt markers. EGFR and beta-catenin are 
mutually able to activate or inactivate each other's regulatory 
elements [26], while elements of the non-canonical pathway 
play an important role in the EGFRvIII-mediated tumor 
formation [27]. Similar to our study, data from the TCGA 
show that the expression patterns of Wnt markers in the 
unclassified GBM subgroup is similar to those of the 
classical subgroup, presumably due to EGFR (over) 
expression [5].  

Investigating the connection between nuclear translocations 
of beta-catenin and NF-1, we found a strong correlation 
between them, not quite surprisingly, since these 
translocations in both cases are associated with tumor 
development. The loss or functional alteration of NF-1, a 
tumor suppressor, increases the aggressiveness and 
invasiveness of tumors through EMT (epithelial–
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mesenchymal transition) [28]. We hypothesize that GBM 
tumors with cytoplasmic expression of NF-1 and beta-
catenin have a lower probability of EMT, and thus, such 
tumors will be less aggressive, while GBMs with high levels 
of these molecules translocated to the nucleus may show the 
opposite properties. Overall, however, we found no 
correlation between expression levels of GBM subgroup 
markers and Wnt markers, with the exeption of Fzd2 and 
EGFRvIII in the classical subgroup. Furthermore, the 
expression levels of Wnt5a and Fzd2 correlated 
tendentiously with each other in this subgroup, indicating an 
association between the EGFRvIII mutation and the non-
canonical Wnt pathway markers. In the combined cohort 1, 
(regardless of subgroup classification) Wnt5a significantly 
correlated with Fzd2, in consensus with previous GBM 
publications [17, 14]. 

Based on the literature, we expected increases in the 
expressions of Wnt markers in the recurrent compared to the 
primary GBMs in cohort 2, but our data suggested that Wnt 
ligands and receptors follow complex patterns of expression 
during tumor progression.  

In cohort 3, our findings are consistent with the results of 
Kahlert et al. [29] and Binda et al. [16] showing that both the 
canonical and non-canonical pathway markers are highly 
expressed in the invasion and tumor zones compared to 
normal brain regions [29, 16]. 

In our third substudy, first we analyzed the differential 
methylation patterns in promoters+genes of six selected Wnt 
markers at cohort levels comparing groups of C-DB, GBM-
P and GBM-R [10]. The observations from this preliminary 



20 
 

study prompted us to zoom into promoters and genes of 
selected Wnt markers, and analyze simultaneously the 
methylation patterns in correlation with protein expression 
levels in individual controls and GBM sample pairs. We 
found no different methylation levels in the promoter+gene 
regions of the six Wnt markers when comparing GBM-P and 
GBM-R, either in our own or in the database sequential 
GBM samples [21]. However, as expected based on the 
known shift towards hypomethylation in tumors compared 
to controls [30, 31], we observed a shift towards 
hypomethylation for most markers in GBMs compared to 
those in controls (with the exception of Fzd2 and Fzd10).  

The promoter+gene hypomethylations were associated with 
a tendency or significant increase in protein expression 
levels of Wnt5a, Wnt3a, and beta-catenin in GBM-P and 
GBM-R compared to C-PM. The high promoter+gene 
methylation of Fzd10 consistently resulted in low levels of 
membrane protein expression in both control and tumor 
samples. 

Based on the above observations showing that increasing 
Wnt marker expression may not be always accompanied by 
inverse changes in promoter and gene methylation, we can 
conclude that CpG methylation in these regions is not the 
only regulator of gene expression. Therefore, in a corollary 
study, we assessed the methylation levels within enhancers 
(which were mostly mapped outside the gene+promoter 
region) of the six Wnt markers in our and in the database 
samples. One Wnt7b and two Fzd10 enhancers showed 
increased methylation status compared to other enhancers, 
and all three of these enhancers had higher levels of 
methylation in the recurrent compared to primary tumor 
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samples of the database cohort. The very low protein 
expression of Fzd10 in all samples can be explained by the 
high level of methylation in both the gene+promoter and the 
enhancer regions. In case of Wnt7b, the gradual decrease of 
protein expression from control to GBM-P and GBM-R 
might be caused by the increasing DNA methylation during 
tumor progression. As the Wnt7b ligand binds to the Fzd10 
receptor, the simultaneous hypermethylation of their 
promoters+genes and their low or decreasing protein 
expression are likely to rule out their involvement in 
progressive GBM. 

Methylation changes may not only affect promoters, 
enhancers and open reading frames, but also regions of 
regulatory RNA molecules, splicing sites, or binding sites of 
topological domains of insulators, which may enhance or 
repress mRNA expression, translation or protein isoforms 
[32, 33, 34]. The complexity of regulatory mechanisms may 
partly explain the discrepancy between the expected and 
observed protein expression and promoter+gene 
methylation levels both in our study and the literature.   
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6. New findings 

- In the progression of astocytic gliomas, the non-
canonical pathway plays a greater role than the canonical. 

- Correlations exist between the IDH-1 mutation status 
and the expression of some Wnt pathway elements, a 
finding that is more comprehensively being analyzed in 
our new, ongoing studies. 

- The non-canonical pathway markers are more highly 
expressed than the canonical markers in all molecular 
subgroups of GBM.  

- Nuclear appearance of beta-catenin and NF-1 positively 
correlate with each other, and likely contribute to a more 
aggressive behavior of GBM. 

- Expression levels of our selected Wnt markers increase, 
but are not accompanied by inverse promoter+gene 
methylation patterns in primary and recurrent GBM. 

- The methylation levels not only within promoter+gene 
regions control gene expression regulation, but those 
within enhancers often outside of promoters also play 
important roles. 

- The Wnt7b and Fzd10 ligand – receptor pair does not 
contribute to the growth and progression of GBM. 

- Wn7b and Fzd10 may have tumor suppressor potential 
in GBM, an unexplored possibility that merits further 
studies. 
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