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Abstract. Glioblastoma multiforme (GBM) is one of the
most aggressive types of brain tumor and is highly resistant
to therapy. The median survival time for patients with GBM
is 15 months. GBM resistance to treatment is associated with
cancer stem cells (CSCs). CD133 membrane glycoprotein is
the best‑known marker of GBM CSCs. The Wnt signaling
pathway plays an important role in the proliferation of all
stem cells. To the best of our knowledge, the present study
was the first to examine the expression levels of proteins
associated with the Wnt signaling pathway in СD133+ CSCs
of human GBM. Furthermore, potential targets that may
regulate СD133+ CSCs in human GBM were investigated. The
human GBM U‑87MG cell line was cultured in neurobasal
medium supplemented with B27, fibroblast growth factor,
epidermal growth factor and no serum. Immunohistochemical
characteristics of glioma spheres were investigated based on
the expression of key markers of CSCs. CD133+ cells were
extracted from glioma spheres by cell sorting and then lysed.
High‑performance liquid chromatography‑mass spectrometry
was used for proteome analysis. Lysates of CD133‑ cells in
GBM were used for comparison. The present study was the
first to describe the conceptual proteome differences between
GBM and CD133+ CSCs of the common pool. Major differences were identified in the glycolysis/gluconeogenesis, focal
adhesion, tight junction and Wnt signaling pathways. This
study aimed to analyze the crucial role that proteins of the
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Wnt signaling pathway play in stem cell proliferation. The
identified proteins were analyzed for their association with
the Wnt signaling pathway using the international open
databases PubMed, Protein Analysis Through Evolutionary
Relationships, Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes and Search Tool for the Retrieval of Interacting
Genes/Proteins. An increased expression of 12 proteins
associated with the Wnt signaling pathway were identified
in GBM CD133+ CSCs, which included catenin β‑1, disheveled associated activator of morphogenesis 1, RAC family
small GTPase 2 and RAS homolog gene family member A,
a number of which are also associated with adherens junctions. The Wnt signaling pathway is not upregulated in CSCs;
however, the high expression levels of adenomatous polyposis
coli, β ‑catenin, C‑terminal binding protein (CtBP) and
RuvB‑like AAA ATPase 1 (RUVBL1 or Pontin52) proteins
suggest the possibility of alternative activation of specific
genes in the nuclei of these cells. Calcyclin‑binding protein,
casein kinase II α, casein kinase II β, CtBP1, CtBP2, CUL1
and RUVBL1 proteins may be used as targets for the pharmaceutical regulation of CSCs in complex GBM treatment.
Introduction
Glioblastoma multiforme (GBM) is an aggressive malignant
human brain tumor (1). The prognosis for patients with GBM is
unfavorable. Despite modern treatment protocols, the median
survival time is 15 months, with only 27% of patients living
longer than 2 years following diagnosis (2,3). Treatment resistance is commonly associated with cancer stem cells (CSCs)
in GBM (4‑6). High levels of radiation and chemotherapy,
including modern cytostatic agents and targeted drugs, are
unable to eliminate CSCs (7). It is therefore, required to
develop new approaches for GBM treatment and identify new
molecular targets that may assist the regulation of CSCs by
inhibiting their proliferative capabilities.
The present study investigated GBM cells that express the
cluster of differentiation 133 (CD133) membrane antigen, a
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well‑known CSC marker (8). Cells of this type exhibit a high
proliferation rate; therefore, unlike differentiated CD133 ‑
cancer cells, CD133+ CSCs are susceptible to radiation and
chemotherapy (9). In small quantities, CD133+ CSCs have
previously been demonstrated to form large tumors when
implanted into the brains or experimental animals (10). More
than 60% of intracellular proteins from GBM CD133+ CSCs
are identical to proteins present in normal neural stem cells
of a human brain (11). This suggests that similarities exist
between the main mechanisms regulating the proliferative
properties of these cell types.
Proliferation of all types of stem cells depends on the activation of the Wnt signaling pathway (12). In different types of
malignant tumors, the activation of this pathway stimulates the
proliferation of CSCs, which promotes tumor relapse and the
development of therapeutic resistance (13‑15). A direct correlation between the aggressive nature of GBM and the activation
of the Wnt signaling pathway in CSCs has previously been
described (16). Another previous study demonstrated that the
suppression of the Wnt cascade decreased the heterogeneity
of GBM cells (17). Therefore, differentially expressed proteins
(DEPs) of the Wnt signaling pathway are prospective targets for
regulating the proliferative properties of CSCs in GBM. The
aim of the present study was to compare the expression levels
of proteins associated with the Wnt signaling pathway in CD133+
CSCs of human GBM and differentiated СD133‑ cancer cells.
Materials and methods
Human GBM cells. The present study used the U‑87MG GBM
cell line obtained from the American Type Culture Collection
(cat. no. HTB‑14™; ATCC; Manassas, VA, USA). This cell line
is not the original U‑87 line established at the University of
Uppsala, but a human GBM of unknown origin (18). However,
as demonstrated in our previous study (11), CD133+ cells of this
cell line exhibit similar proteome profiles to neural CD133+
human stem cells and exhibit significant proteomic differences
compared with normal mesenchymal stem cells of the human
bone marrow. In our previous study, the stimulation of GBM
U‑87MG cells with transforming growth factor (TGF)‑β1 led
to a significant increase in the expression of proteins associated with the epithelial‑mesenchymal transition (EMT) (19),
which greatly increased the invasiveness of the cells. The
U‑87MG cell line of GBM possesses a significant amount of
CD133+ CSCs that actively interact with both cancerous and
non‑cancerous cells (20). The extensive information that is
available regarding this GBM cell line makes it the optimal
choice for the present study.
The U‑87MG cells were cultured in low glucose Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) in standard conditions (5% CO2 and 37˚C). The cells were cultured
until they reached 80% confluence. To obtain glioma spheres
the cells were resuspended in DMEM/F12 (Thermo Fisher
Scientific, Inc.) containing L‑glutamine, B27, 20 ng/ml bFGF,
20 ng/ml EGF, 100 U/ml penicillin/streptomycin and 5 µg/ml
heparin. All chemicals were obtained from Gibco; (Thermo
Fisher Scientific, Inc.). Cells were grown in T75 culture
flasks. Every 3 days, fresh growth factors were added. The
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extraction of CD133+ cells was performed via immunosorting
using magnetic beads with immobilized antibodies against
CD133 (CD133 MicroBead kit; cat. no. 130‑100‑857; Miltenyi
Biotec, Inc., San Diego, CA, USA). The purity of the isolated
population was assessed by flow cytometry and CD133/1
(AC133)‑VioBright FITC antibodies (cat. no. 130‑105‑226;
Miltenyi Biotec, Inc.). The dye was diluted at a ratio of 1:11 for
107 cells/100 µl of buffer solution [7.2 pH phosphate‑buffered
saline (PBS), 0.5% bovine serum albumin (BSA) and 2 mM
EDTA]. The antigen was labeled by incubation for 10 min in
the dark (4˚C) to prevent non‑specific cell labeling.
Mass spectrometry of samples. High‑performance liquid
chromatography‑mass spectrometry was applied and the
label‑free method was used to evaluate changes in the protein
expression level. Two cell samples (CD133+ CSCs and cancer
CD133‑ non‑stem cells) were lysed with Mammalian Cell Lysis
kit (MCL1‑1KT; Sigma‑Aldrich; Merck KGaA, Darmstadt,
Germany) and low‑molecular compounds were removed.
Subsequently, enzymatic cleavage was performed and 4 µl
of solution was analyzed by mass spectrometry. The samples
were incubated at 30˚С in a Labconco CentriVap centrifugal
concentrator (Labconco Corp., Kansas City, MI, USA) to
remove ammonium bicarbonate. Peptides were diluted during
the mobile stage with 30% acetonitrile, 70% water and 0.1%
formic acid (рН 2.7) and divided into 24 fractions using a
Dionex UltiMate 3000 (Dionex Corp., Sunnyvale, CA, USA),
equipped with a fraction collector and cation exchange column
MIC‑10‑CP (Puros 10S; 1 mm x 10 cm; Thermo Fisher
Scientific, Inc.). The obtained fractions were concentrated at
30˚С in the centrifugal concentrator and diluted with 0.1%
formic acid (100 µl).
Peptides were analyzed using Dionex Ultimate 3000
(Dionex Corp.), LTQ Orbitrap XL and Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific, Inc.) with nanospray
ionization. Peptide division was performed using an Acclaim
C18 PepMap 100 column (75 µm х 150 mm; grit size, 3 µm;
Dionex Corp.). Mass spectrometry data were processed
using MaxQuant 1.6.1.0 (21‑23) and Perseus 1.6.1 software
(Max Planck Institute of Biochemistry, Planegg, Germany).
Biological processes, molecular functions, cell location and
protein signaling pathways were annotated using the following
databases: PubMed (http://www.ncbi.nlm.nih.gov/pubmed),
Protein Analysis Through Evolutionary Relationships
(http://www.pantherdb.org), Gene Ontology (http://www.
geneontology.org), Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg/) and Search Tool for the Retrieval
of Interacting Genes/Proteins v10. (https://string‑db.org/).
Statistical analysis. Statistical significance was identified
using Student's t‑test [STATISTICA 12 (StatSoft, Moscow,
Russia]. P<0.05 was considered to indicate a statistically
significant difference.
Results
General characteristics of the identified proteins. A total of
1,904 proteins were identified in both samples of GBM cells.
A total of 1,696 proteins were identified in GBM CD133+
CSCs and 1,435 proteins in GBM CD133 ‑ non‑stem cells.
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Table I. Participation of differentially expressed proteins of glioblastoma CD133+ stem cells in the intracellular signaling pathways.
Signaling pathway

Total identified proteins
(n)

Upregulated proteins
(n)

4
7
6
4
5
7
13
5
13
6
5
9
11
9
12

4
4
6
4
3
7
11
4
12
1
2
3
7
8
12

Adherens junction
Apoptosis
Cell adhesion molecules
Cell cycle
Chemokine signaling pathway
ECM‑receptor interaction
Focal adhesion
Gap junction
Glycolysis/gluconeogenesis
Insulin signaling pathway
Integrin signaling pathway
MAPK signaling pathway
Regulation of actin cytoskeleton
Tight junction
Wnt signaling pathway

Downregulated proteins
(n)
3
2
2
1
1
5
3
6
4
1

Table II. Changes in the expression of Wnt signaling proteins in CD133+ CSCs of glioblastoma.
		
ID
APC
CacyBP
CSNK2A2
CSNK2B
CtBP1
CtBP2
CTNNB1
Daam1
CUL1
Rac2
RhoA
RUVBL1 (Pontin52)

CD133+/CD133 ratio
(P<0.05)

Protein name

Adenomatous polyposis coli
Calcyclin binding protein
Casein kinase 2 α 2
Casein kinase 2 β
C‑terminal binding protein 1
C‑terminal binding protein 2
Catenin β‑1
Dishevelled associated activator of morphogenesis 1
Cullin 1
Ras‑related C3 botulinum toxin substrate 2 (Rho family, small GTP
binding protein Rac2
Ras homolog family member A
RuvB‑like AAA ATPase 1

↑a
2.00
5.24
12.20
3.42
2.24
6.15
6.54
3.39
1.67
1.94
3.22

The arrows indicate proteins that are not present in the control and appear for the first time (↑) in the CD133+ CSCs.

a

The molecular mass of the proteins was 4‑3,995 kDa. A total
of 1,227 proteins (64.4% of the total 1,904 proteins) were
detected in all cell lysates, 469 proteins only in CSCs and
208 proteins only in the non‑stem cells. A total of 589 (34.7%
of 1,904) DEPs were identified to exhibit significantly different
expression levels in CSCs, as compared with non‑stem cells
(P<0.05). The majority of DEPs were: i) Localized intracellularly (Fig. 1A); ii) associated with metabolic and cellular
processes (Fig. 1B); iii) functionally heterogeneous (Fig. 1C);
and iv) associated with a class of compounds that exhibit active
fermentation properties (Fig. 1D).

Bioinformatics analysis of the identified proteins. A total of
116 DEPs were found to be associated with 15 signaling pathways (Table I). Among these 116 DEPs, 88 were upregulated
and 28 downregulated in GBM CSCs. The upregulation was
observed in proteins associated with intracellular signaling
pathways, including proteins involved with the extracellular
matrix (cell adhesion molecules, ECM receptor interaction
and focal adhesion) and local microenvironment (tight and
adherens junctions). The majority of upregulated proteins
were associated with the glycolysis pathway and Wnt signaling
cascade (Tables I and II). The majority of the downregulated
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Figure 1. (A‑D) Molecular‑biological description of proteins in cancer glioblastoma CD133+ stem cells.

Figure 2. Wnt signaling pathway according to the Kyoto Encyclopedia of Genes and Genomes database. The red marker indicates upregulated proteins in the
glioblastoma CD133+. APC, adenomatous polyposis coli; CK2, Сasein kinase 2; RhoA, RAS homolog gene family member A; Daam1, disheveled associated
activator of morphogenesis 1; CtBP, C‑terminal‑binding proteins; SIP, Siah‑1 interacting protein; Rac, Rac family small GTPase; Cul1, cullin‑1; ROCK2,
Rho‑associated, coiled‑coil containing protein kinase 2.
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Table III. Changes in the expression of adherens junction signaling proteins in CD133+ CSCs of glioblastoma.
ID
CDC42
RhoA
RhoC
ROCK2
Rac2
CTNNA1
CTNNB1
CTNND1
ACTN1

Protein name

CD133+/CD133 ratio (P<0.05)

Cdc42 GTPase‑activating protein
Ras homolog gene family, member A
Ras homolog gene family, member C
Rho‑associated, coiled‑coil containing protein kinase 2
Ras‑related C3 botulinum toxin substrate 2 (Rho family, small GTP binding
protein Rac2
Catenin (cadherin‑associated protein), α1
Catenin β1
Catenin (cadherin‑associated protein), δ1
Actinin, α1

↑
1,94
1,21
1,38
1.67
4,44a
6.15a
2,60a
2,04a

Proteins whose expression was changed more than twice.

a

Figure 3. Adherens junctions signaling pathway according to the Kyoto Encyclopedia of Genes and Genomes database. The red marker indicates upregulated proteins in the glioblastoma CD133+ cells. Rac, Rac family small GTPase; RhoA, Ras homolog gene family member A.

proteins were revealed to be associated with the insulin
signaling pathway and MAPK signaling pathway (Table I).
Discussion
Cancer stem cells (CSCs) are an important challenge in the
treatment of glioblastoma multiforme (GBM). The absence of
drugs and medical technologies for the effective elimination

of CSCs in a patient's body has shifted the focus of modern
research to molecular genetics. The discovery of certain
GBM isotypes based on molecular genetic analysis has
provided insights into the pathogenesis of GBM; however,
there remains a requirement to identify mechanisms to
regulate and control CSCs (7).
The present study characterized CD133+ CSCs as distinct
cells with quantitative and qualitative differences, when
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compared with differentiated cells in GBM. A number
of proteins were identified to exhibit a different level of expression in CSCs, as compared with differentiated cells in GBM.
Furthermore, it was demonstrated herein that the upregulated proteins in CSCs were associated with the mechanisms
of invasion, survival and proliferation. Both of these findings
require further in‑depth analysis. In addition to the aforementioned mechanisms, a significant change was observed in
the expression of proteins associated with the Wnt signaling
pathway, which was the main focus of the present study.
Embryonic cells with high levels of Wnt synthesis are
known to develop into endodermal and cardiac cells, while
cells with a low level of Wnt synthesis form ectoderm layers.
Despite GBM being a primary neuroectodermal tumor, a
number of studies have suggested its treatment resistance
is associated with the activation of the Wnt pathway in
CSCs (16). This statement is supported by the presence of
CD133 on the surface of normal neural and hematopoietic
stem, endothelial progenitor and normal postnatal stem cells,
and progenitor cells of other types (21), in which the Wnt
signaling pathway plays a key role (12,13). In addition, CD133
is present in the kidneys, mammary glands, trachea, salivary
glands, placenta, intestinal cells and ovaries, where the activation of the Wnt/β‑catenin signaling pathway is associated
with drug resistance and the development of aggressive types
of cancer (22‑24). Therefore, it can be hypothesized that these
mechanisms are similar in GBM.
The upregulation of the Wnt cascade in GBM CSCs was not
confirmed in the present study. The expression levels of established proteins of this cascade, including Wnt ligands, frizzled
receptors and co‑receptor LRP5/6, were not identified to be
significantly increased in GBM. However, the upregulation of
components of the Wnt signaling pathway was associated with
unusual characteristics of CSCs.
Adenomatous polyposis coli (APC) protein was revealed
to be significantly upregulated in GBM CSCs (Fig. 2). This
finding had previously been demonstrated in GBM (25). An
APC gene mutation encodes a protein that is a key component of Turcot syndrome, a known risk factor for GBM (26).
The present study demonstrated that the upregulation of this
protein is typical in CSCs, which indicates that these cells may
play a critical role in GBM biology.
The expression of calcyclin‑binding and Siah‑1 interacting
(CacyBP/SIP) proteins was found to be 2‑fold higher in CSCs,
as compared with GBM CD133‑ cells (Fig. 2). This protein is
crucial for the proliferation, differentiation, apoptosis, transcription, ubiquitination and cytoskeleton organization (27). In
addition, it regulates the degradation of β‑catenin. High levels
of CacyBP/SIP are typical in cells of Wnt‑associated stomach
and colon tumors, as well as neurons. Furthermore, this protein
is a component of the p53 signaling pathway that is important
for GBM (7). High levels of CacyBP/SIP are important for
the proliferation of CSCs, as it can act as an antagonist of
p27‑selective cyclin‑dependent kinase inhibitor 1B (28). The
upregulation of CacyBP/SIP has been revealed to be associated with a high resistance to doxorubicin and other cytotoxic
agents (29). CacyBP/SIP can be used as a marker of the condition of GBM cell population and serve as a potential target
for the regulation of CSCs. Therefore, inhibiting CacyBP/SIP
expression can increase the efficiency of therapy against GBM.
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Сasein kinase 2 (CK2), a component of the canonical
Wnt/β ‑catenin signaling pathway, regulates the cell cycle,
apoptosis and transcription of stem cells (30). CK2, as well
as APC, is a crucial component of a β ‑catenin degrading
complex (Fig. 2). Furthermore, this protein is associated with
nuclear factor‑κ B (NF‑κ B), phosphoinositide 3‑kinase/AKT
and signal transducer and activation of transcription signaling
in GBM cells (31). CK2 consists of two catalytic subunits,
CSNK2A2 and CSNK2B. The present study demonstrated a
significant increase in CSNK2A2 and CSNK2B expression
levels (5.24‑ and 12.21‑fold, respectively) in GBM CSCs.
CK2α is a regulator of the Wnt/β‑catenin signaling pathway;
therefore, the expression levels of this protein are increased in
numerous types of tumors.
The expression of CSNK2A2 and CSNK2B has been
identified in GBM CSCs. A treatment option that inhibits CK2
has been demonstrated to decrease the expression of CSC
markers in a GBM cell culture (32). Compared with temozolomide monotherapy, CX‑4945, a specific CK2 inhibitor,
was revealed to inhibit the generation of glioma spheres
in vitro and significantly increase the survival of animals with
acquired GBM (33). Considering the aforementioned results,
the CSNK2A2 and CSNK2B subunits may serve as targets for
the regulation of CSCs in GBM treatment.
β‑catenin is a key element of the Wnt signaling pathway
and is associated with the self‑renewal of stem cells (34,35).
According to the present experimental data, the expression of
the β‑catenin (CTNNB1) was 6‑fold higher in CD133+ CSCs,
when compared with CD133‑ cells in GBM. The inhibition of
β‑catenin in U87 cells decreased the migration activity of these
cancer cells (36). In addition, the expression of this protein was
increased in glial tumor cells, which plays a crucial role in
CSC invasion (37), survival and proliferation (38). The pharmacological inhibition of the β‑catenin expression reduced the
ability of GBM cells to create glioma spheres in vitro (39). A
combination of the β‑catenin inhibitor tetrandrine, an isoquinoline alkaloid, with temozolomide has been demonstrated to
increase the efficiency of GBM treatment.
The present study revealed a significant increase in the
expression of key components associated with the degradation
of β ‑catenin including APC, CK2α and CK2β. In addition,
a 6‑fold increase of β‑catenin in GBM CSCs was identified,
which is a notable finding due to the key roles of β‑catenin
in CSCs. β‑catenin is a central element of the Wnt signaling
cascade, as it coordinates and determines the activity of this
pathway and other intracellular signaling mechanisms. An
increased production of APC and CK2 with high levels of
β ‑catenin in GBM cells suggests a lack of influence of Wnt
ligand in glioma spheres rather than a low productivity of
these proteins. Furthermore, the upregulation of destruction
complex proteins suggests that β‑catenin may be associated
with the cell membrane, where it coordinates extracellular
interaction in glioma spheres.
This is supported by the evidence that β ‑catenin is a
component of the adherens junction pathway (Fig. 3). The
upregulation of proteins associated with the adherens junction
pathway has previously been described as a characteristic
of GBM cells (Table III) (25). However, the present results
suggested that this is a characteristic attributed only to CD133+
CSCs. α‑Catenin (CTNNA1) and δ‑catenin (CTNND1), critical
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components of the adherens junction pathway, were identified
to be upregulated in CSCs (4.44‑ and 2.6‑fold, respectively),
which was consistent with an increase in CTNNB1. The
CTNNA1 tumor‑suppressor gene, which encodes α‑catenin,
is one of the most frequently deleted or mutated genes in
cancer (40). α‑Catenin is an essential protein in adherens junctions, which are critical for maintaining intercellular adhesion
and cellular polarity.
The fact that α‑catenin was also upregulated in CD133+
CSCs suggests that CSCs exhibit denser intercellular
connections, as compared with CD133 ‑ cells. It is possible
that β ‑catenin is upregulated in GMB cells as a result of
transforming non‑CSCs into CSCs. CTNNA1 inhibits the
proliferation and invasion of cancer cells into different tissues
by suppressing the Hippo‑Yes‑associated protein (YAP) and
NF‑κ B signaling. The depletion of CTNNA1 and CTNND1
promotes the mobility and growth of cancer cells (41). In
summary, CTNNA1, CTNNB1 and CTNND1 proteins may
be treated as potential targets for regulating the plasticity of
GBM cells.
Cullin‑1 (CUL1) is a component of the Wnt signaling
pathway (Fig. 2). The present study identified that the expression level of CUL1 in CD133+ cells of GBM was 3.39‑fold
higher than that in CD133‑ cells of the common pool. CUL1
is involved in different intracellular processes, including
proliferation, differentiation and apoptosis. The hyperexpression of CUL1 was revealed to be a marker of poor prognosis
for patients with stomach carcinoma, breast cancer and
non‑small‑cell lung carcinoma. The expression of CUL1 has
been demonstrated to be significantly higher in glioma cells
than in normal brain tissue (42). Theoretically, the inhibition
of CUL1 in GBM cells with CUL1 small interfering RNA may
prevent the migration and invasion of cancer cells due to a
lower level of matrix metallopeptidase (MMP)‑2 and MMP‑8
expression.
Rac family small GTPase 2 (Rac2), Ras homolog gene
family member A (RhoA) and disheveled associated activator
of morphogenesis 1 (Daam1) proteins are integrated in the
Wnt signaling pathway (Fig. 2). The Rac2 and RhoA proteins
are also components of the signaling pathway of adherens
junctions (Fig. 3). Rac proteins are a subfamily of Rho small
GTPases. The function of this family involves modifying the
actin cytoskeleton and proliferation, and regulating key stem
cell properties (43). Rac2 is a marker of more aggressive GBM
subtypes (44). The present study demonstrated that the expression level of Rac2 in CD133+ cells was 1.67‑fold higher. Rho
GTPases belong to the Ras superfamily and these proteins,
including RhoA, Rac1 and cell division control protein 42
homolog, support the transformation of the cell cytoskeleton
during the epithelial‑mesenchymal transition (EMT). RhoA
is actively expressed in GBM cells, which promotes the
migration and invasion of cancer cells. The simultaneous
activation of Rac and RhoA was revealed to increase the
invasive properties of CSCs (43). The present study revealed
that the expression level of RhoA was 1.94‑fold higher in
CD133+ cell than in the non‑CSCs. Simvastin, NSC23766 and
specific microRNAs can impact the expression of the aforementioned proteins (44).
C‑terminal‑binding proteins (CtBP) have two isoforms,
CtBP1 and CtBP2, which are involved in the Wnt/β‑catenin

signaling pathway and other molecular mechanisms determining the development of malignant tumors, invasion of
neoplastic cells, apoptosis and response to therapy (45). The
present study revealed that the expression levels of CtBP1
and CtBP2 were significantly higher in GBM CD133+ cells
(3.42‑ and 2.24‑fold, respectively). CtBP inhibits the expression
of tumor suppressor genes (46), serves a role in the epithelial‑mesenchymal transition, regulates β‑catenin, mediates the
transcription factor 4/lymphoid enhancer‑binding factor 1 axis
and activates targeted genes involved in the self‑regeneration of
CSCs (47). Combining the CtBP inhibitor MTOB with temozolomide may serve as a potential treatment option for GBM.
RuvB‑like AAA ATPase 1 (RUVBL1 or Ponti52) is a
component of the Wnt signaling pathway (Fig. 2) that is essential for tumor cell growth and viability. This study identified
that the expression level of RUVBL1 was significantly higher
in GBM CD133+ than in GBM CD133‑ cells of the common
pool (Table II). RUVBL1 plays a key role in the cell cycle,
mitosis, chromatin remodeling, transcription, DNA repair,
apoptosis and regulation of development of normal stem
cells (48,49). It also participates in oncogenic signaling pathways, including c‑Myc and Wnt. RUVBL1 regulates the activity
of glucocorticosteroid and estrogen receptors in the nucleus,
and is essential in choosing the optimum pharmacological
scheme (50). The inhibition of RUVBL1 activity interferes
with the expression of genes responsible for the response of
GBM to hypoxia and is associated with an aggressive tumor
phenotype (51). The inactivation of this gene with microRNA
can increase the efficiency of GBM therapy.
Of note, the Wnt‑associated proteins CtBP and RUVBL1
regulate key gene expression in CSCs of all types of cancer.
These proteins are part of the SMAD signaling cascade,
which is mostly activated by TGF‑β and is crucial to GBM
pathogenesis (19). It can be suggested that via SMAD proteins
of the TGF‑β pathway, CtBP and RUVBL1 generate a closed
system that supports the stemness of GBM cells; however, this
requires further investigation.
In conclusion, the present study attempted to identify
molecular targets that may assist with the regulation of GBM
CSC proliferation. The study focused on selective analysis
of proteins associated with the Wnt signaling pathway in
CD133+ CSCs. In GBM CD133+ CSCs, an increased expression of 12 proteins that are components of the Wnt signaling
pathway was identified; a number of these proteins, including
CTNNB1, Daam1, Rac2 and RhoA, are also components of
the adherens junction pathway. CacyBP, CSNK2A2, CSNK2B,
CtBP1, CtBP2, CUL1 and RUVBL1 may serve as targets for
the pharmaceutical regulation of CSCs in GBM treatment.
Furthermore, the increased expression of APC, β ‑catenin,
CtBP and RUVBL1 suggested the possibility of alternative
activation of genes in CD133+ CSCs; however, this requires
further investigation.
It is essential to note that suppressing proteins of the Wnt
signaling pathway are required not for producing a cytostatic
and cytotoxic effect on GBM cells of the common pool, but
in order to inhibit the reproductive function of CSCs and, as
a result, extend the remission period. Therefore, conceptually
new methods and techniques need to be developed in order to
evaluate the efficiency of suppressing these targets. For instance,
taking into consideration the fact that β‑catenin and certain
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upregulated Wnt‑proteins belong to the signaling pathway of
adherens junctions, the efficiency of suppressing this target
could be evaluated not just based on the amount of β‑catenin
in CSCs, but also on the strength of adherens junctions in a
gliomasphere, AFM investigation, time of gliomasphere
creation if cultivated in serum‑free media, speed of cell growth
in the standard media with serum and immunophenotype of
these cells' progenitors identified by flow cytometry. We plan
to attempt this in the nearest future, using CD133+ CSCs from
the samples of a human brain with GBM. Furthermore, the efficiency of the targeted therapy on extending the life expectancy
of patients may not be very high, since upregulated proteins are
involved in several signaling pathways. That is why suppressing
one target may have conflicting results. The way to solve this
issue is a systemic analysis of survival using the Kaplan‑Meier
curve for GBM patients with a significant expression of one of
the described proteins (CTNNB1, Daam1, Rac, RhoA, CacyBP,
CSNK2A2, CSNK2B, CtBP1, CtBP2, CUL1 and RUVBL1)
in their CD133+ CSCs. This approach could become a breakthrough targeted therapy for GBM.
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