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Simple Summary: Astrocytomas are the most common type of primary brain tumor in adults. In this
study, 64 astrocytoma samples of grades II–IV were analyzed for genetic and epigenetic changes as
well as protein expression patterns in order to explore the roles of the Wnt pathway components, such
as DKK1, DKK3, GSK3β, β-catenin, and APC in astrocytoma initiation and progression. Our findings
on DKK1 and DKK3 show the importance of methylation in the regulation of Wnt signaling activity
and also indicate pro-oncogenic effects of GSK3β on astrocytoma development and progression.
Close connections between large deletions and mutations in the APC gene and increased β-catenin
expression in glioblastoma were also established. Our results suggest that Wnt pathway related
genes and proteins play an active role in the etiology of astrocytic brain tumors.

Abstract: In the present study, we investigated genetic and epigenetic changes and protein expression
levels of negative regulators of Wnt signaling, DKK1, DKK3, and APC as well as glycogen synthase
kinase 3 (GSK3β) and β-catenin in 64 human astrocytomas of grades II–IV. Methylation-specific
PCR revealed promoter methylation of DKK1, DKK3, and GSK3β in 38%, 43%, and 18% of samples,
respectively. Grade IV comprised the lowest number of methylated GSK3β cases and highest of
DKK3. Evaluation of the immunostaining using H-score was performed for β-catenin, both total and
unphosphorylated (active) forms. Additionally, active (pY216) and inactive (pS9) forms of GSK3β
protein were also analyzed. Spearman’s correlation confirmed the prevalence of β-catenin’s active
form (rs = 0.634, p < 0.001) in astrocytoma tumor cells. The Wilcoxon test revealed that astrocytoma
with higher levels of the active pGSK3β-Y216 form had lower expression levels of its inactive form
(p < 0.0001, Z =−5.332). Changes in APC’s exon 11 were observed in 44.44% of samples by PCR/RFLP.
Astrocytomas with changes of APC had higher H-score values of total β-catenin compared to the
group without genetic changes (t = −2.264, p = 0.038). Furthermore, a positive correlation between
samples with methylated DKK3 promoter and the expression of active pGSK3β-Y216 (rs = 0.356,
p = 0.011) was established. Our results emphasize the importance of methylation for the regulation of
Wnt signaling. Large deletions of the APC gene associated with increased β-catenin levels, together
with oncogenic effects of both β-catenin and GSK3β, are clearly involved in astrocytoma evolution.
Our findings contribute to a better understanding of the etiology of gliomas. Further studies should
elucidate the clinical and therapeutic relevance of the observed molecular alterations.
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1. Introduction

Astrocytomas are glial cell tumors originating from astrocytes and account for nearly
half of all primary brain tumors. According to the latest World Health Organization (WHO)
classification, there are three different grades of astrocytoma, indicating their growth
potential and aggressiveness [1,2]. Diffuse astrocytoma, defined as a grade II neoplasm,
is a type of low-grade infiltrative glioma. Grade II astrocytomas have a tendency to
progress toward high-grade malignancies called anaplastic astrocytomas (grade III) and
eventually secondary glioblastomas (GBM, grade IV). The proliferative potential of diffuse
astrocytomas and their growth rate are much lower than those of GBMs, which are a highly
aggressive tumor with pronounced brain invasion and fast progression [1]. In addition to
the biological behavior, an important criterion for the classification of diffuse glioma is the
status of IDH1 and IDH2 gene mutations; astrocytomas are now defined as IDH mutant or
IDH wild-type. Low-grade astrocytomas and secondary GBMs often carry IDH mutations,
associated with younger age, as well as a much better prognosis [3,4]. IDH wild-type status
refers to 90% of GBMs and indicates a primary tumor that arises de novo and carries a
poorer prognosis than those classified as IDH mutant.

Despite new molecular findings that characterize tumors in the group of diffuse
gliomas, the differences between individual pathohistological grades are still insufficiently
investigated. For this reason, we decided to study the molecular characteristics of the WNT
and AKT signaling pathway components in astrocytomas of different grades.

Signaling pathways form a complex network of molecular interaction in our cells,
and a close connection between Wnt/β-catenin and PI3K/AKT/mTOR signaling has been
described in many cancers [5]. One of the most prominent linking elements between these
pathways is GSK3β (glycogen synthase kinase 3) [6]. The major mode of GSK3β activity
regulation is through phosphorylation events. Activated Akt molecule phosphorylates
GSK3β on the amino acid serine 9 (S9), leading to GSK3β inactivation. In contrast, GSK3β
is activated by autophosphorylation or phosphorylation on tyrosine 216 (Y216) by other
kinases [5,7]. In addition to S9 phosphorylation, promoter methylation may also be one of
the mechanisms of GSK3β inactivation [8].

In the Wnt signaling pathway, GSK3β plays a key role in modulating β-catenin and
TCF/LEF (T cell factor/lymphoid enhancer-binding factor) transcription factor activity [7].
Active GSK3β can act as a tumor suppressor as it participates, together with other members
of the destruction complex including APC (Adenomatous Polyposis Coli), AXIN1 and
CK1 (Casein Kinase 1), in phosphorylation and subsequent degradation of the oncogenic
β-catenin protein. In the pathway’s “off” state, TCF/LEF is inactive due to its interaction
with the repressor Groucho. In contrast, inactive GSK3β stimulates cell proliferation
in the pathway’s “on” state. The pathway is activated upon binding of Wnt ligands to
the Frizzled (Fz) receptor and the co-receptor lipoprotein receptor-related protein (LRP)
5/6, resulting in the disintegration of the destruction complex and β-catenin cytoplasmic
accumulation. Afterward, unphosphorylated β-catenin enters the cell nucleus, where
it interacts with transcription factors from the TCF/LEF family, leading to Wnt target
gene transcription (cyclin D1, c-myc, fra-1, c-jun, etc.) thus stimulating tumor growth [9].
Except for phosphorylating β-catenin, GSK3β can phosphorylate LRP co-receptor, thus
revealing a binding site for AXIN on LRP, which mimics pathway activation by a Wnt
ligand [10] (Figure 1).

Wnt signaling activity is also regulated by evolutionarily conserved inhibitors and
activators that antagonize Wnt signaling such as the Dickkopf (DKK) gene family. The
family consists of four members (DKK 1–4) in humans that specifically inhibit the Wnt/β-
catenin signaling cascade by preventing the Wnt ligand from binding to LRP 5/6 co-
receptors. Some members of the DKK family interact with transmembrane proteins Kremen
1 and 2, also modulating the pathway’s activity [11]. Not all DKK family members have
consistent roles. Recent reports reveal that they can have dual agonistic and antagonistic
functions, depending on the cellular context. Numerous studies report on changes in DKK
protein expression within tumor tissues. DKK1 is differentially expressed in different types
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of human cancers, and its expression affects cell invasion, proliferation, and tumor growth.
Some authors have reported on DKK1 overexpression [12–21], while others have noted its
downregulation in tumors [22–24]. On the other hand, DKK3 is omnipresent in normal
human tissues, including the brain; however, it is significantly depleted in various cancer
cell types. DKK3 silencing due to epigenetic alterations has also been reported in multiple
cancers [12]. However, there are few studies investigating the expression of DKK1 and
DKK3 in gliomas [25–28].

Figure 1. Overview of Wnt signaling pathway. (a) In the canonical Wnt pathway, DKK directly
competes with Wnt for binding to LRP6. When DKK binds to the receptor, cytosolic pool of β-catenin
is maintained at low levels through proteasomal degradation, due to its phosphorylation by the
complex consisting of Axin/APC/CK1/GSK-3β. (b) Binding of Wnt to receptors Fz/LRP leads
to the recruitment of components of the destruction complex to the membrane. This prevents
phosphorylation and degradation of β-catenin, resulting in its accumulation in the cytoplasm.
Stabilized β-catenin translocates into the nucleus and activates transcription of Wnt target genes.

These opposite reports indicate the need for further elucidation of the role of Wnt
signaling molecules in cancer. Our study aims to contribute to the great efforts that are
being made to clarify the genetic and epigenetic signatures in gliomas. Our goal was to
clarify the behavior of DKK1, DKK3, and GSK3β and identify potential correlations to
changes of APC and beta-catenin genes and proteins.

2. Materials and Methods
2.1. Tissue Samples

Sixty-four astrocytoma samples of different pathohistological types and grades, to-
gether with corresponding blood and formalin-fixed paraffin-embedded (FFPE) slides
of brain tumor tissues, were collected with patients’ consents from the Departments of
Neurosurgery and Departments of Pathology University Hospital Centers “Zagreb” and
“Sisters of Charity”.

Chosen slides were reviewed by a certified pathologist (KŽ) to confirm the diagnosis
(diffuse astrocytoma, anaplastic astrocytoma, glioblastoma). The diagnoses of astrocytic
brain tumors were in concordance with the most recent WHO classification of the tumors of
the central neural system [3]. In selected cases, additional immunohistochemical analyses
(IDH1/2, ATRX, p53) were conducted in order to provide the correct diagnosis. The
patients included in the study had no family history of brain tumors and did not undergo
any cancer treatment prior to surgery, which could affect the results of molecular analyses.
The sample consisted of 10 diffuse astrocytomas (grade II), 11 anaplastic astrocytomas
(grade III), and 43 glioblastomas (grade IV). Twenty seven patients were female and 37 male.
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The age of patients varied from 6 to 83 (mean age = 50.31, median = 54 years). The mean
age at diagnosis for females was 54.85 (median 56) and for males, 47 years (median 49).

The study was approved by the Ethical Committees, School of Medicine University
of Zagreb (Case number: 380-59-10106-14-55/147; Class: 641-01/14-02/01) and Univer-
sity Hospital Centers “Sisters of Mercy” (number EP-7426/14-9) and “Zagreb” (number
02/21/JG, class: 8.1.-14/54-2). Patients gave their informed consent.

2.2. DNA Extraction

The genomic DNA extraction from unfixed frozen tumor tissue was performed ac-
cording to the protocol by Green and Sambrook [29]. Briefly, approximately 0.5 g of tumor
tissue was homogenized with 1 mL extraction buffer (10 mM Tris–HCl, pH 8.0; 0.1 M
EDTA, pH 8.0; 0.5% sodium dodecyl sulfate) and incubated with proteinase K (100 µg/mL;
Sigma-Aldrich, St. Louis, MO, USA) overnight at 37 ◦C. Organic (phenol–chloroform)
extraction and ethanol precipitation followed.

The salting-out method was used to extract DNA from peripheral blood leucocytes [30].
Five milliliters of blood was lysed with 15 mL RCLB (red blood cell lysis buffer) (0.16 M
NH4Cl; 10 mM KHCO3; 10 mM EDTA; pH 7.6), centrifuged (15 min/5000× g), and incu-
bated overnight with 2 mL SE buffer (sodium-EDTA; 75 mM NaCl; 25 mM Na2EDTA; pH 8),
200 µL 10% SDS (sodium dodecyl sulphate) and 15 µL proteinase K (Sigma, Darmstadt,
Germany) (20 mg/mL) at 37 ◦C. The salting-out method and isopropanol precipitation
followed. The method is based on the principle that proteins and other cellular compo-
nents, except DNA, will precipitate in a saturated salt solution (5M NaCl) due to their
relative hydrophobicity.

The extracted DNA was successfully used for genetic (PCR/RFLP) and epigenetic
(MS-PCR) analysis.

2.3. Polymerase Chain Reaction (PCR), Restriction Fragment Length Polymorphism (RFLP), Loss
of Heterozygosity (LOH)
2.3.1. Polymerase Chain Reaction

The PCR mixture (25 µL) for APC’s exon 11 amplification consisted of 10 pmol of each
primer (5′-GGACTACAGGCCATTGCAGAA-3′ and 5′-GGCTACATCTCCAAAAGTCAA-
3′), ~250 ng template DNA, 2.5 µL × 10x PicoMaxx reaction buffer, 2.5 mM of each dNTP,
and 0.5 µL (1.25 U) of PicoMaxx high fidelity PCR system polymerase. PCR conditions
were initial denaturation, 4 min/95 ◦C; denaturation, 1 min/94 ◦C; annealing, 2 min/58 ◦C;
extension, 1.5 min/72 ◦C; for 35 cycles and final extension 7 min/72 ◦C. The PCR products
were analyzed on 2% agarose gels.

2.3.2. Restriction Fragment Length Polymorphism/Loss of Heterozygosity

Loss of heterozygosity of the APC gene was detected on the basis of restriction frag-
ment length polymorphism (RFLP) of the PCR products. RFLP was performed by using
restriction enzyme Rsa I, which recognizes a polymorphic site in exon 11 of the APC gene.
PCR amplification of exon 11 generated a fragment of 133 bp that Rsa I cleaves into 85 bp
and 48 bp fragments if the polymorphic site is present, or leaves uncleaved if the site is
absent. LOH/Rsa I was demonstrated only in informative (heterozygous) samples when
the tumor DNA showed loss of either the single uncut band (133 bp) or of the two cut bands
(85 + 48 bp) compared to autologous blood tissue. PCR aliquots (20 µL) were digested with
6 U Rsa I (New England BioLabs, SAD) overnight at 37 ◦C and were electrophoresed on
Spreadex EL 400 Mini gels (Elchrom Scientific, AL-Diagnostic GmbH, Amstetten, Austria)
in the ORIGINS electrophoresis system (AL-Diagnostic GmbH, Amstetten, Austria) at
120 V and 55 ◦C.



Cancers 2021, 13, 2530 5 of 17

2.3.3. Methylation-Specific PCR (MSP)

After isolation from tumor tissue, DNA was treated with bisulfite using the MethylEdge
Bisulfite Conversion System (Promega, Madison, WI, USA) following the manufacturer’s in-
structions. Bisulfite-treated DNA was afterward used for methylation-specific PCR (MSP).

Primer sequences of DKK1, DKK3, and GSK3β promoter region for MSP were synthe-
sized according to [31–33], respectively (Table 1).

Table 1. PCR primers used for MSP.

Primer Sequence Product Size

DKK1

MR-F 5′-CGTTCGTTGGTAGTTTTTATTTCGA-3′
175 bp

MR-R 5′-GCGACTACCTTTATACCGCGAA-3′

UMR-F 5′-TGTTTGTTGGTAGTTTTTATTTTGA-3′
173 bp

UMR-R 5′-ACCACAACTACCTTTATACCACAAA-3′

DKK3

MR-F 5′-CGGTTTTTTTTCGTTTTCGGG-3′
154 bp

MR-R 5′-CAAACCGCTACATCTCCGCT-3′

UMR-F 5′-TTTTGGTTTTTTTTTGTTTTTGGG-3′
155 bp

UMR-R 5′-CCAA ACCACTACATCTCCACT-3′

GSK3β

MR-F 5′ CGTCGTTATCGTTATCGTTC 3′
135 bp

MR-R 5′ AATAACTCGAAAATACGACG 3′

UMR-F 5′ GAGGAGTTGTTGTTATTGTTATTGTTT 3′
136 bp

UMR-R 5′ AAAAAAATAACTCAAAAATACAACA 3′

MR-F and MR-R-primer set for methylated reaction; UMR-F and UMR-R-primer set for unmethylated reaction; bp-base pairs.

PCRs for bisulfite-treated DNA were performed using TaKaRa EpiTaq HS (TaKaRa
Bio, USA): 1XEpiTaq PCR Buffer (Mg2

+ free), 2.5 mM MgCl2, 0.3 mM dNTPs, 20 pmol of
each primer (Sigma-Aldrich, USA), 50 ng of DNA, and 1.5 units of TaKaRa EpiTaq HS DNA
Polymerase in a 25 µL final reaction volume. PCR cycling conditions are shown in Table 2.

Table 2. MSP conditions for amplification of promoter region of DKK1, DKK3, and GSK3β genes.

Gene Initial Denaturation Cycle Conditions Final Elongation

DKK1
MR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

DKK3
MR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

GSK3β
MR 95 ◦C 5 min 95 ◦C 30 s 55 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 56,5 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

MR: methylated reaction; UMR: unmethylated reaction.

PCR products were separated on 2% agarose gel stained with Syber Safe nucleic
acid stain (Invitrogen, Thermo Scientific, Waltham, MA, USA) and visualized on a UV
transilluminator. Methylated Human Control (Promega, Madison, WI, USA) was used as
a positive control for the methylated reaction, while unmethylated DNA EpiTect Control
DNA (Qiagen, Hilden, Germany) served as a positive control for the unmethylated reaction.

2.4. Immunohistochemistry (IHC)

Immunohistochemical staining was performed on 4 µm thick paraffin embedded
tissue sections placed on silanized glass slides (DakoCytomation, Glostrup, Denmark).
Tissue sections were deparaffinized in xylene (3×, 5 min), rehydrated in a decreasing
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ethanol series, (100%, 96%, and 70% ethanol; 2×, 3 min), and placed in water (30 s).
Antigen retrieval was performed by heating the sections in microwave oven 2 times for
10 min at 400 W and 3 times for 5 min at 350 W in 6 M citrate buffer. Afterward, the
endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 10 min
in dark. Non-specific binding was blocked by incubating samples with protein block
serum-free ready-to-use (Agilent Technologies, Santa Clara, CA, USA) for 30 min at 4 ◦C.
Next, sections were incubated with primary antibody Anti-GSK3β (phospho Y216) (rabbit
polyclonal; ab75745, Abcam, Cambridge, MA, USA; dilution 1:100), Anti-GSK3β (phospho
S9) (rabbit polyclonal; ab131097, Abcam, Cambridge, MA, USA; dilution 1:100), Active
β-Catenin (rabbit monoclonal, non-phospho (Ser33/37/Thr41), D131A1, Cell Signalling
Technology, Danvers, MA, USA; dilution 1:800) and Anti-Human Beta-Catenin (mouse
monoclonal; Clone b-Catenin-1, M3539, Dako, Santa Clara, CA, USA; dilution 1:200)
overnight at 4 ◦C. Dako REAL Envision detection system Peroxidase/DAB, Rabbit/Mouse,
HRP (Agilent Technologies, Santa Clara, CA, USA) was used for visualization according to
the manufacturer’s instructions, and the sections were counterstained with hematoxylin.

The level of expression of examined proteins in the healthy brain was determined
by using the cerebral cortex of the human brain (Amsbio, Oxfordshire, UK). It was found
that the level of immunoreactivity of all examined proteins in the healthy brain tissue
was generally low, and the signal was detected only in the cytoplasm. Human placenta
(decidual cells) and colon cancer served as positive controls. Negative controls underwent
the same staining procedure but without incubating samples with primary antibodies.

2.5. Microscopic Analysis

In the tumor hot-spot area, 200 cells were counted and the intensity of protein expres-
sion was determined using the computer program ImageJ (National Institutes of Health,
Bethesda, MD, USA). Astrocytic brain tumors stained for pGSK3β-Y216, pGSK3β-S9, β-
catenin (non-phospho Ser33/37/Thr41), and total β-catenin protein were interpreted by
5 independent observers, of which 2 were pathologists using the following criteria: score 0
(no staining), score 1 (<10% tumor cells), score 2 (10–50% of tumor cells), and score 3 (>50%
of tumor cells).

Next, a histological score (H-score) was calculated as the sum of the percentages of
positively-stained tumor cells multiplied by the weighted intensity of staining:

H-score = [1 × (% of cells 1+) + 2 × (% of cells 2+) + 3 × (% of cells 3+)].

The H-score, therefore, ranged from 0–300, where ‘% of cells’ represents the percentage
of stained cells for each intensity (1 = lack or weak expression, 2 = moderate expression,
and 3 = strong expression).

Immunohistochemical results were interpreted blindly in regard to the genetic and
epigenetic status.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS v.19.0.1 (SPSS, Chicago, IL, USA) statis-
tical program. The significance level was set at p < 0.05.

The distribution of the data was assessed by the Kolmogorov-Smirnov test and
Shapiro-Wilk W-test. Depending on the results of the test of normality and the num-
ber of patients per group, differences in the values between the 3 grades were analyzed
by one-way variance analysis (ANOVA) or Kruskal-Wallis test, while differences between
the 2 groups were tested by Student’s t-test or the Mann-Whitney test. Pearson χ2 and
Spearman’s correlation were used to test the relationships between DKK1, DKK3, and
GSK3β methylation, APC genetic change, GSK3β and β-catenin protein expression levels,
localization, and other clinical and demographic features.
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3. Results
3.1. Methylation Status of Promoter Regions of GSK3β, DKK,1 and DKK3

Expression of DKK1, DKK3, and GSK3β genes is controlled, among other mechanisms,
by DNA methylation (Figure 2).

Figure 2. Methylation-specific PCR analysis for (A) GSK3β, (B) DKK1, and (C) DKK3 promoter
in astrocytic brain tumors grade II–IV. The presence of a visible PCR product in lanes marked
M indicates the presence of methylated promoters, the presence of a product in lanes marked U
indicates the presence of unmethylated promoters; (D) methylated human control (MC) was used as
positive control for methylated reaction, unmethylated human control (UMC) was used as positive
control for unmethylated reaction, and water served as negative control. L–standard DNA 50 bp
ladder (Invitrogen).

Out of 50 analyzed astrocytoma samples of different grades, 41 (82%) had an unmethy-
lated GSK3β gene promoter, while methylation of the promoter region was detected in
nine samples (18%), including three AII (30%), three AIII (27%), and three GBM (10.34%)
(Figure 3A). Furthermore, methylation of DKK1 promoter was detected in 19 of 50 tumors
(38%), including three AII (30%), five AIII (45.45%), and eleven GBM (37.93%), respectively.
Similarly, DKK3 promoter was methylated in 21 of 49 tumors (42.86%), including four
AII (44.44%), four AIII (36.36%), and thirteen GBM (44.83%), respectively (Figure 3B,C).
Although it was obvious that grade IV comprised the lowest number of methylated cases
for GSK3β and highest for DKK3, the Kruskal-Wallis test showed no significant association
of methylation patterns of GSK3β (p = 0.235), DKK1 (p = 0.771), and DKK3 (p = 0.723)
promoter regions with the tumor malignancy grade.

Spearman test did not reveal a statistically significant association of promoter methy-
lation between DKK1 and DKK3 (p = 0.429), DKK1 and GSK3β (p = 0.775), or DKK3 and
GSK3β (p = 0.121) in our sample (Figures S1–S4).
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Figure 3. Graph showing the percentage of samples with methylated (M) and unmethylated (UM) promoter of (A) GSK3β,
(B) DKK1, and (C) DKK3 in astrocytic brain tumors grade II–IV.

3.2. pGSK3β-S9 and pGSK3β-Y216 Expression Levels

The effect of epigenetic changes on the protein expression levels was investigated in
the same group of patients. When analyzing active pGSK3β-Y216 in the total sample, low
expression was observed in 4% (2/50), moderate expression in 26% (13/50), and strong
expression in 70% (35/50). Low expression of the inactive form, pGSK3β-S9, was present
in 36% (18/50), moderate in 50% (25/50), and high in 14% (7/50) of total astrocytoma
samples (Figure 4).

Figure 4. Graph illustrating the levels of expression of active (pGSK3β-Y216) and inactive (pGSK3β-
S9) forms of GSK3β investigated in our total astrocytoma sample; and levels of expression of both
forms of β-catenin (total and active) in glioblastoma group.

When analyzing both forms of GSK3β expression in specific astrocytoma types, diffuse
astrocytoma revealed 50% (5/10) of the samples with a lack or low levels of pGSK3β-S9
expression, while 70% (7/10) of the samples showed high levels of pGSK3β-Y216. In
anaplastic astrocytoma, moderate expression was observed in 60% (6/10) of analyzed
cases for pGSK3β-S9, while 70% (7/10) of samples showed a high level of pGSK3β-Y216
expression. The majority of glioblastoma samples analyzed for active pGSK3β-Y216
showed high levels of expression (70%), while for the inactive pGSK3β-S9, moderate
expression was observed in 50% of samples. The signal was co-localized in the cytoplasm
and cell nucleus in all of the analyzed samples (Figure 5).
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Figure 5. Characteristic immunohistochemical staining of active pGSK3β-Y216 and inactive pGSK3β-
S9 protein in astrocytoma. (A) astrocytic brain tumor grade II with unmethylated GSK3β promoter
showing weak cytoplasmic staining of pGSK3β-S9; (B) same astrocytic brain tumor grade II with
unmethylated GSK3β promoter showing strong cytoplasmic and nuclear staining of pGSK3β-Y216;
(C) glioblastoma (grade IV) with unmethylated GSK3β promoter showing lack of cytoplasmic staining
of pGSK3β-S9; (D) same glioblastoma with unmethylated GSK3β promoter showing strong cyto-
plasmic and nuclear staining of pGSK3β-Y216; (E) glioblastoma (grade IV) with methylated GSK3β
promoter showing moderate cytoplasmic and strong nuclear staining of pGSK3β-S9; (F) glioblastoma
(grade IV) with methylated GSK3β promoter showing weak cytoplasmic staining of pGSK3β-Y216.
Scale bar 50 µm.

Protein expressions of both active and inactive forms of GSK3β (pGSK3β-S9 (p = 0.728)
and pGSK3β-Y216 (p = 0.820)) showed no significant association with any specific astro-
cytoma grade. Wilcoxon test revealed a statistically significant difference between the ex-
pression of pGSK3β-S9 and pGSK3β-Y216 protein in investigated astrocytoma (p < 0.0001,
Z = −5.332). This result indicates that samples with a higher level of expression of active
pGSK3β-Y216 have a lower expression level of inactive pGSK3β-S9 protein.

3.3. Total β-Catenin and Unphosphorylated β-Catenin Expression Levels in Glioblastoma

Expression and localization of total β-catenin (detects both phosphorylated and un-
phosphorylated form) and active (unphosphorylated) β-catenin were further examined
in glioblastoma.

H-score analysis for total β-catenin revealed 36.66% (11/30) samples with weak,
56.67% with moderate (17/30) and 6.67% (2/30) with strong protein expression when
compared to levels of β-catenin in a healthy brain (Figure 4). Grouped together, elevated
expressions (2+ and 3+) were detected in 63.34% of samples. Most samples showed
cytoplasmic expression (86.67%), while co-localization of the signal in cytoplasm and
nucleus was present in only 4 cases (13.33%).

Unphosphorylated β-catenin showed a similar distribution of signal strengths. H-
score analysis detected 33.33% (10/30) of samples with weak, 60% (18/30) with moderate,
and 6.67% (2/30) with strong expression (Figure 4). When compared to cellular levels of
β-catenin in a healthy brain, grouped elevated expressions (2+ and 3+) were observed
in 66.67% of samples. Cytoplasmic and nuclear co-localization of unphosphorylated β-
catenin was noticed in five samples (16.67%), and again in most samples, the expression
was present exclusively in the cytoplasm (83.33%).
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Spearman’s correlation showed a statistically significant positive correlation between
H-score values of total and unphosphorylated β-catenin (rs = 0.634, p < 0.001), which
confirms the presence of an active form of β-catenin in tumor cells.

3.4. APC Exon 11 Genetic Changes in Glioblastoma

Genetic changes of APC exon 11 were analyzed in 27 glioblastoma samples that
were available for the analysis, nine (33%) of which were homozygous i.e., uninformative.
Taking into account informative (heterozygous) samples, 44.44% (8/18) showed one of the
two observed genetic changes. More precisely, LOH was detected in 33% (6/18) and the
introduction of the restriction site because of mutation in 11.11% (2/18) cases (Figure 6).

Figure 6. APC exon 11/RsaI/RFLP in glioblastoma samples is demonstrated. Lane M-standard
DNA 50 bp ladder (Invitrogen); lanes 1, 2: heterozygous sample (tumor and blood), both alleles, cut
and uncut, are visible; lane 3: possible restriction site introduced in tumor sample; lane 4: paired
homozygous sample (blood); lanes 5, 6: homozygous sample (tumor and blood), uncut alleles are
visible; lanes 7, 8: homozygous sample (tumor and blood), cut alleles are visible; lane 9: LOH, cut
allele is missing; lane 10: corresponding informative blood sample, both alleles, cut and uncut,
are visible.

Eight glioblastoma samples with genetic change in APC exon 11 showed moderate
expression of total β-catenin in 62.5% and unphosphorylated β-catenin in 50% of samples.
Student t-test revealed a significant difference of total β-catenin expression between groups
with and without genetic changes in APC’s exon 11. Samples with changes had higher
H-score values for total β-catenin, compared to the group without changes (t = −2.264,
p = 0.038). However, a significant association of unphosphorylated (active) β-catenin
H-score values with groups with or without APC genetic changes (U = 54.500, p = 0.197)
could not be established.

3.5. The Correlations of Molecular Findings and Clinical Parameters

Spearman test revealed a significant positive correlation between DKK3 methylation
status and expression of active pGSK3β-Y216 (rs = 0.356, p = 0.011), indicating that when
the DKK3 was epigenetically silenced, the expression of the active GSK3β was on the rise.
Inactive pGSK3β-S9 protein was significantly positively correlated with the methylation
of the GSK3β promoter region (rs = 0.278, p = 0.050). Additionally, a bivariate correlation
between active pGSK3β-Y216 and active (unphosphorylated) β-catenin showed a trend of
negative association of the two proteins (rs = −0.427, p = 0.088). Our analysis also showed
that samples with genetic change in APC exon 11 were statistically significantly correlated
with the increase of total β-catenin expression (rs = 0.542, p = 0.004). The upregulation
of β-catenin expression was noticed in 66% of analyzed samples. Of note is that 55% of
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the samples with upregulated β-catenin showed methylation in negative regulators of the
signaling DKK1 or DKK3.

Finally, no statistical significance was found between molecular findings and clinical
parameters (p > 0.05), meaning that the analyzed molecular features were independent of
the patients’ age and sex.

4. Discussion

The Wnt signaling pathway is frequently implicated in the etiology of various cancers
and plays important roles in tumor initiation and progression. As recent reports indicate,
impairment of negative regulators of Wnt signalization, i.e., DKKs, is often involved in
tumor formation and growth [34]. Expression of the DKK1 and DKK3 gene is controlled,
among other mechanisms, by DNA methylation, a common epigenetic silencing tool, which
is increased in many tumors and tumor cell lines. Most research has indicated a DKK1
inhibitory effect in tumors [35–38], but interestingly, some studies showed DKK1′s tumor-
promoting role [18,39]. Similarly, DKK3 was discovered to be downregulated in various
types of malignant tissue [36,40–44], but there are also reports of DKK3 overexpression in
hepatocellular and esophageal cancer [45–47].

Our findings on 50 astrocytoma samples revealed promoter methylation of DKK1 in
38% and DKK3 in 42.86% of the samples. Methylation of DKK1 and DKK3 was relatively
constant across different grades (DKK1-AII 30%, AIII 45.45%, GBM 37.93%; DKK3-AII
44.44%, AIII 36.36%, GBM 44.83%). The remaining portion of astrocytoma samples did
not show DKK1 and DKK3 promoter methylation; downregulation could be explained by
the existence of additional epigenetic regulatory events. In the case of DKK1 and DKK3,
these may be post-translational modifications in the histone tails, which are associated
with transcriptional repression [35,48]. We also point out other mechanisms here that
may contribute to DKK1 and DKK3 gene (and consequently DKK1 and DKK3 protein)
silencing, such as the mutational burden and various miRNAs, as recently shown in a case
of melanoma [49] and colorectal cancer [38,50,51].

A study by Götze et al. [27] suggests that primary and secondary GBMs are character-
ized by different DKK1 and DKK3 gene methylation profiles, helpful to distinguish between
glioblastoma subtypes. In their study, promoter methylation of DKK1 was quite rare in
lower-grade astrocytoma but frequent in glioblastoma. Additionally, DKK1 methylation
was more frequently observed in secondary GBM (5/10), whereas none of the primary
GBMs showed methylation of the DKK1 promoter region. These findings suggest that
methylation of DKK1 may be linked to glioma progression and thus might be a potential
prognostic marker. Furthermore, this study indicates that methylation of DKK3 is a rare
event in glioma, with no obvious association with the tumor type or grade [27]. Our re-
search showed no significant association between methylation of DKK1 (p = 0.767) or DKK3
(p = 0.885) and the tumor grade or type. However, the frequency of methylation of the
two genes was overall substantial, and it was shown that methylation of DKK1 was higher
in pooled grades III and IV (40%) in comparison to AII (30%). No significant association
of promoter methylation between DKK1 and DKK3 (p = 0.429) was found in our study.
Mizobuchi et al. [25] showed that DKK3 plays a pivotal role in regulating cell survival in
human malignant glioma, promotes apoptosis, and facilitates the degradation of β-catenin.
Similarly, there are also reports about a DKK1 pro-apoptotic function in glioma [36].

Apart from epigenetic silencing of negative regulators, aberrant pathway activity may
be a result of the mutations in downstream components. Modifications that cause change
in GSK3β activity, CTNNB1 gene mutations targeting sites phosphorylated by GSK3β on
β-catenin (S33, S37, and S41), and mutations of proteins that form a destruction complex
with GSK3β (for example, APC) may all cause Wnt pathway hyperactivity [9].

The influence of GSK3β on tumor formation and promotion is still controversial.
GSK3β can display both pro-oncogenic and tumor-suppressive effects as it has diverse
roles in numerous cellular processes that also differ among different cell types [5].
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In order to determine the character of the GSK3β role in astrocytoma grades II–IV,
we examined the promoter methylation of the GSK3β gene and level of expression of
active (pY216) and inactive (pS9) form of GSK3β protein. Although the proportion of
methylated samples was relatively small in each astrocytoma grade, our results showed
that methylation of GSK3β decreased with grade. In astrocytoma grade II, 30% of samples
had methylated GSK3β promoter, followed by 27% of astrocytoma grade III and 10% of
glioblastoma. Of note is that the number of unmethylated samples increased with grade,
meaning that GSK3β is upregulated in aggressive cases. GBM is primarily diagnosed at
older ages, and recent reports suggest that epigenetics, especially DNA methylation, seem
to be age-dependent [52].

Immunohistochemical analysis revealed low expression levels of active pGSK3β-
Y216 in 4% (2/50), moderate levels in 26% (13/50), and strong levels in 70% (35/50) of
samples, which is consistent with the findings on unmethylated promoter. Expression of
inactive pGSK3β-S9 was weak in 36% (18/50), moderate in 50% (25/50), and strong in 14%
(7/50) of astrocytoma samples in grades II–IV. Wilcoxon test showed significant opposite
levels of expression between pGSK3β-S9 and pGSK3β-Y216 protein in astrocytoma cells
(p < 0.001, Z = −5.332), indicating that samples with a higher level of expression of active
pGSK3β-Y216 have a lower expression level of inactive pGSK3β-S9 protein. Inactive
pGSK3β-S9 protein was significantly positively correlated with methylation of GSK3β
promoter (rs = 0.278, p = 0.050), showing that in methylated cases, phosphorylation events
also decrease protein expression. Similarly, Shakoori et al. [53,54] studied the expression
of active and inactive forms of GSK3β in colorectal cancer. Although the study included
a smaller number of samples, they proved that most patients had elevated expression of
pGSK3β-Y216, whereas pGSK3β-S9 was mainly present in non-neoplastic tissues. Contrary
to previously mentioned studies, high expression of inactive pGSK3β-S9 is found in
skin [55], oral [56], and lung [57] cancers, which suggests tumor-suppressing effects of the
enzyme in those malignant tissues.

The pro-oncogenic activity of GSK3β is based on the findings that deregulated GSK3β
maintains tumor cell survival, proliferation, and invasion by enhancing machinery for
cell motility and migration [58]. Finally, growing evidence marks GSK3β as a potential
therapeutic target in cancer [59,60], thus encouraging the development of GSK3β inhibitors
for cancer treatment [61]. In glioblastoma multiforme, such inhibitors facilitate apoptosis
through inhibition of anti-apoptotic mechanisms in mitochondria and the NFkB pathway
that is essential for cell survival [58,62].

Although GSK3β is generally considered a cytosolic protein, it can also be present
in the nucleus. Our data showed an elevated level of expression of pGSK3β-Y216 in the
cell nuclei of almost every sample of astrocytic brain tumors. It is known that GSK3β
nuclear levels increase in response to apoptotic stimuli, and its major role is to affect gene
expression by regulating the activity of many transcription factors [63].

The largest number of glioblastomas analyzed for both total and unphosphorylated
β-catenin had moderate cytoplasmic expression (56.67% and 60%, respectively); weak
expression was noted in 36.66% and 33.33%, respectively; while a strong signal was present
in a smaller percentage of samples (6.67% and 6.67% respectively). Overall cytoplasmic
accumulation of β-catenin predominated, whereas the expression of total and unphos-
phorylated β-catenin in the nucleus was observed in only four (13.33%) and five (16.67%)
samples, respectively. It seems that strong expression and consequent transfer in the nu-
cleus occurs in a smaller number of glioblastomas. Utsuki et al. [64] and Kahlert et al. [65]
also found a small number of samples with nuclear expression, which can be partly ex-
plained by the Wnt pathway activity only in a small proportion of glioblastoma cells that
have stem cell properties [66]. Another explanation is that the active form of beta-catenin
that is transferred to the nucleus lacks specific epitopes and cannot be detected by this
antibody. Spearman’s correlation showed a statistically significant positive correlation
between H-score values of total and unphosphorylated β-catenin (rs = 0.634, p < 0.001),
thus confirming the presence of an active form of β-catenin in tumor cells. Phosphory-
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lation status and localization of β-catenin are important indicators of the Wnt signaling
pathway’s activation. Liu et al. [67] studied β-catenin expression in different grades of
astrocytoma and noticed significantly higher levels of β-catenin in glioblastoma compared
to lower grades and control groups, thus suggesting a role for β-catenin in the progression
of malignant gliomas. The study by Sareddy et al. [68] on astrocytoma grade II–IV reports
on the positive correlation of β-catenin mRNA and protein levels with the increase of
malignancy grades. They also noticed a nuclear and cytoplasmic accumulation of β-catenin
in astrocytoma, which is the hallmark of active Wnt/β-catenin signaling. Previous research
by our laboratory has shown that tumors of neuroepithelial origin have higher levels of
β-catenin expression compared to β-catenin expression levels in healthy brain tissue [69].
Kafka et al. [70] revealed that DVL3, TCF1, and LEF1 expression significantly increased
with astrocytoma malignancy grades, suggesting their cooperation with nuclear β-catenin
and joint involvement in malignant progression. In the present investigation, the bivariate
correlation between unphosphorylated active β-catenin and active pGSK3β-Y216 showed
a trend of negative association of the two proteins (rs = −0.427, p = 0.088), confirming their
mutually dependent relationship. Still, it seems that GSK3β activity toward β-catenin does
not depend unambiguously on its phosphorylation status on S9, which appears to be a
protective mechanism when GSK3β is aberrantly phosphorylated by some kinases [71,72].
It has been shown that highly active Akt does not fully inhibit GSK3β activity in some
cancers and cancer cell lines [53]. However, a more recent study on human colorectal cancer
cell lines shows that hyperactive Akt causes GSK3β inhibition and consequential β-catenin
accumulation [73]. Recent studies demonstrated that active DKK3 is associated with
reduced cytoplasmic and nuclear accumulation of β-catenin in different tumor types [74].

APC is a tumor-suppressor gene and an essential component of the beta-catenin
complex that controls cytoplasmic beta-catenin levels. APC mutations occur early in
gliomagenesis and result in increased beta-catenin levels that lead to the expression of
Wnt responsive genes [9]. In our study, genetic change in APC exon 11 was present in
44.44% of the informative samples. Our laboratory group previously reported on APC
exon 11 genetic changes in human brain tumors [75], brain metastases [76], and laryngeal
squamous cell carcinoma [77] and found 33.3%, 58.8%, and 41% of samples with LOH
or mutation of this gene, respectively. The present investigation also found that samples
with changes of the APC gene had significantly higher values of total β-catenin H-score,
compared to the group without genetic changes (t = −2.264, p = 0.038). Although the result
for unphosphorylated β-catenin was not significant, its elevated expression in glioblastoma
indicates the pathway’s activity and its association with genetic changes in APC. The
relatively rare expression of β-catenin in the nucleus may also be explained by work from
Morgan et al. [78], where they showed that APC loss alone was insufficient to stimulate
nuclear β-catenin translocation, and further dysregulation is required. Another explanation
for the rare β-catenin nuclear expression is the finding that most of the C-terminal deletions
show the predominant nuclear localization [79], and the antibody that we used in our
study was raised against the C-terminal β-catenin epitope.

In conclusion, the results of this study undoubtedly indicate the activation of the Wnt
signaling pathway in astrocytoma. Our findings on DKK1 and DKK3 demonstrate the
importance of methylation in the regulation of Wnt signaling activity but also suggest that
additional regulatory mechanisms may be involved. Our findings indicate pro-oncogenic
effects of GSK3β on astrocytoma development and progression not necessarily connected
to the Wnt destruction complex. It is also evident that large deletions and mutations in
the APC gene increase the level of β-catenin expression in glioblastomas. This research
can provide more data about astrocytoma pathogenesis and help to better understand and
improve the management of gliomas.
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