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Abstract. The majority of modern treatment methods for 
malignant brain tumors are not sufficiently effective, with 
a median survival time varying between 9 and 14 months. 
Metastatic and invasive processes are the principal charac-
teristics of malignant tumors. The most important pathogenic 
mechanism is epithelial‑mesenchymal transition (EMT), 
which causes epithelial cells to become more mobile, and 
capable of invading the surrounding tissues and migrating 
to distant organs. Transforming growth factor‑β1 (TGF‑β1) 
serves a key role in EMT‑inducing mechanisms. The current 
study presented the interaction between hematopoietic stem 
cells and glioblastoma cells stimulated by TGF‑β1 in vitro. 
The materials for the study were hematopoietic progenitor 
cell antigen CD34+ hematopoietic stem cells (HSCs) and U87 
glioblastoma cells. Cell culture methods, automated moni-
toring of cell‑cell interactions, confocal laser microscopy, 
flow cytometry and electron microscopy were used. It was 
demonstrated that U87 cells have a complex communication 
system, including adhesive intercellular contacts, areas of 
interdigitation with dissolution of the cytoplasm, cell fusion, 
communication microtubes and microvesicles. TGF‑β1 
affected glioblastoma cells by modifying the cell shape and 

intensifying their exocrine function. HSCs migrated to glio-
blastoma cells, interacted with them and exchanged fluorescent 
tags. Stimulation of cancer cells with TGF‑β1 weakened the 
ability of glioblastoma cells to attract HSCs and exchange a 
fluorescent tag. This process stimulated cancer cell prolifera-
tion, which is an indication of the ability of HSCs to ‘switch’ 
the proliferation and invasion processes in glioblastoma cells.

Introduction

The treatment of malignant brain tumors is one of the most 
complex areas of modern medicine. Upon completing all 
standard modern treatments, the median survival time of 
patients with glioblastoma is 1 year (1). Less than one‑quarter 
of patients with metastatic brain tumors have an 8‑12‑month 
survival rate (2). Metastatic and invasive processes are the 
principal characteristics of malignant tumors  (3). The low 
treatment success rate may be attributed to the use of outdated 
methods that have limited effects on these processes (4).

Invasive and metastatic processes are now known to be 
associated with cancer stem cells (CSCs) (5). A high dose of 
radiation does not guarantee an effective elimination of these 
cells in the tumor node. The heterogeneity and dynamic nature 
of the glioblastoma stem cell population, in combination 
with the selective permeability of the blood‑brain barrier for 
medicinal substances, explain why currently available agents 
remain unable to successfully eliminate these cells (6). These 
cells are unaffected by the external environment and respond 
to stimuli by producing new and more resistant clones of 
neoplastic cells; therefore, a combination of existing thera-
peutic methods, including chemotherapy and radiotherapy, is 
required to control CSCs.

Biomedical cell products consisting of a complex of a 
cell line and an adjuvant represent a novel type of antitumor 
agent, and are being developed to address the problem of CSC 
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resistance to standard treatment. The most promising agent is 
a leukoconcentrate of receptor‑type tyrosine‑protein phospha-
tase C (CD45)+ and hematopoietic progenitor cell antigen CD34 
(CD34)+ mononucleocytes, with a high content of hematopoietic 
stem cells (HSCs). This class of cells is known for having a 
high propensity to migrate towards CSCs (7). As the evidence 
demonstrates, these cells are able to reach CSCs and affect 
certain signaling pathways associated with proliferation and 
invasion (7). In previous research, it was reported that intercel-
lular cooperation with HSCs involves the transmission of the 
cytoplasmic content into glioma and carcinoma cells, which has 
a pronounced inhibitory effect on tumor cell activity (8). This 
phenomenon may be used for the regulation of CSCs by inhib-
iting the mechanisms that determine their invasive abilities.

However, the aggressiveness of glioblastoma does not only 
depend on the degree of tumor cell differentiation; it also 
depends on their specific molecular phenotype, formed during 
coordinated intercellular interactions under the influence of 
clonal selection factors. The key pathogenic mechanism for the 
transformation of the molecular phenotype of tumor cells is 
epithelial‑mesenchymal transition (EMT), in which epithelial 
cells lose their apical‑basal polarity, the cytoskeleton is reorga-
nized, components of the extracellular matrix are secreted, and 
the cells become more mobile and capable of invasion into the 
surrounding tissues and migration to distant organs (9‑11). In 
relation to neuroepithelial tumors, this mechanism allows for 
the transformation of a primary glioma into a secondary glio-
blastoma, the transition from a proneural subtype of the tumor 
to a mesenchymal one, the creation of more aggressive clones 
of CSCs and the generation of new CSC populations (12).

Transforming growth factor (TGF)‑β1 serves a key role in 
EMT‑inducing mechanisms. This cytokine has been demon-
strated to trigger EMT in certain cases of breast cancer (13), renal 
carcinoma (14), intestinal tumors (15‑17), pancreatic cancer (18) 
and glioblastoma (19). Previous research (20) demonstrated that 
stimulation of U87 MG cell lines with TGF‑β1 significantly 
increases the production of proteins associated with invasion, 
proliferation, migration, DNA regeneration, stemness, and 
resistance to drugs and radiation. The resulting pool of glio-
blastoma cells has a molecular phenotype that is very similar 
to that of CSCs (21). It was reported that in human glioblastoma 
tumor cells, only two signaling pathways (the integrin and focal 
adhesion pathways) are available for regulatory effects on gene 
expression processes in the CSC nucleus (20).

It is likely that the upregulation of the protein components 
of these signaling pathways due to EMT determines the interac-
tions of the CSCs with the microenvironment and extracellular 
matrix. Theoretically, normal СD45+ CD34+ stem cells are 
able to regulate these processes during their interaction with 
CSCs, which may become a key point in cancer therapy and 
for overcoming therapeutic resistance. Bone marrow cells 
represent 30‑50% of non‑neoplastic glioblastoma cells. The 
aim of the present study was to investigate patterns of interac-
tion between hematopoietic stem cells and glioblastoma cells 
stimulated by TGF‑β1 in vitro.

Materials and methods

Cancer cells. The current study used human glioblastoma U‑87 
MG cells (American Type Culture Collection® HTB‑14™; 

Manassas, VA, USA). This cell line is not the original U87 line 
established at the University of Uppsala (Uppsala, Sweden), 
although it is likely to be derived from a glioblastoma of 
unknown origin (21). However, as demonstrated in a previous 
study, cells of this line expressing the epitope prominin‑1 
(CD133) have high similarity of proteasomal profiles with 
neural CD133+ human stem cells and significant proteomic 
differences compared with normal mesenchymal stem cells of 
the human bone marrow (20). In a previous study (19), stimula-
tion of U87 glioblastoma cells with TGF‑β1 led to a significant 
increase in the expression of proteins associated with EMT, 
which markedly increased their invasiveness. These argu-
ments served as the basis for choosing this line of tumor cells 
for studying the processes of cell‑cell interaction in vitro.

Human bone marrow cells. A leukoconcentrate of CD45+ 
mononucleocytes mobilized from the peripheral blood 
following an injection of a granulocyte colony‑stimulating 
factor (filgrastim) was used, according to a previously 
described method  (22). The cells were provided freely by 
the CJSC NeuroVita Clinic of Restorative and Interventional 
Neurology and Therapy (Moscow, Russia), with the donors' 
permission. According to the supporting documents, the 
sample contained 4.5% cells with a СD34+CD45+ immu-
nophenotype and 1.8% cells with integrin‑β1+, CD44 antigen 
(CD44)+, 5'‑nucleotidase+ and Thy‑1 membrane glycoprotein+ 
markers. An immunosorting method was used for isolating 
CD45+ CD34+ cells from the leukoconcentrate (21), and these 
cells were used for the present study. The use of human samples 
in this study was approved by the Ethical Committee of the 
School of Biomedicine, The Far Eastern Federal University 
(Vladivostock, Russia; minute no. 1 of February 2nd 2017) and 
the Academic Council of the School of Biomedicine.

The cells were frozen and cultivated at 37˚C and 5% CO2, 
in 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.) and 10,000 U/ml penicillin/streptomycin, with 25 mg/ml 
fungizone. Cells were stained with fluorescent dyes and used 
for subsequent experiments.

Cell staining with fluorescent dyes. The cells were stained 
with CellTracker™ Red CMTPX Dye (cat.  no.  C34552; 
Molecular Probes; Thermo Fisher Scientific, Inc.; λ, 546 nm; 
15 µM in DMEM; 25 min; 37˚С) and Vybrant® CFDA SE 
(cat. no. V12883; Molecular Probes; Thermo Fisher Scientific, 
Inc.; λ, 488 nm; 25 µM in PBS; 25 min; 37˚С), according to the 
manufacturer's protocols. Fluorescence was analyzed using 
a Carl Zeiss LSM 710 confocal laser‑scanning microscope 
(Carl Zeiss AG, Oberkochen, Germany) with a standard set of 
filters. Lenses with magnification x10, x20 and x40 were used 
for observation.

Experimental design. The effects of recombinant human 
TGF‑β1 (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
on glioblastoma cells were studied in 24‑well plates; each well 
was seeded with 3x104 cancer cells stained with CMTPX. 
TGF‑1β, at a concentration of 10, 20 or 30 ng/ml, was placed 
into the culture medium, while the control wells contained 
cells without TGF‑1β. The experiment was conducted with 
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the computer‑aided Cell IQ system (CM Technologies GmbH, 
Elmshorn, Germany).

To study the migration of CD45+ CD34+ cells, 24‑well 
plates with preset cell culture inserts were used, each with a 
pore size of 8 µm (SPL Life Sciences, Pocheon, Korea). The 
cell culture inserts were seeded with 3x104 cancer cells stained 
with CMTPX dye; the wells contained 6x104 HSCs stained with 
CFDA dye, and certain wells contained cultures with 10 ng/ml 
TGF‑1β. In the control group, HSCs were also introduced into 
the wells, although the inserts had the culture medium without 
any cells or additives. Analysis was conducted with a flow 
cytofluorometer.

The process of exchanging a fluorescent tag was examined 
by co‑culturing the cells at a ratio of 1:1, specifically 2.5x104 

cancer cells stained with red CMTPX with 2.5x104 monocytes 
stained with green CFDA; certain wells contained 10 ng/ml 
TGF‑1β. For monitoring, a confocal laser microscope was 
used for 96 h. Lenses with magnification x10, x20 and x40 
were used for observation. The samples were placed in a 
chamber filled with 5% CO2. Images were captured every 
3 h. HSC adhesion to cancer cells was also studied using an 
electron microscope. Cells were cultured in DMEM with 10% 
FBS and 0.5% penicillin/streptomycin in Petri dishes for 72 h, 
following which the cells were extracted, washed and centri-
fuged, (120 x g; 5 min; 37˚C), fixed and embedded for further 
analysis.

To study the proteomes of the glioblastoma cells, a 
combination of high‑performance liquid chromatography 
and mass spectrometry was used. The label‑free method (21) 
was applied for evaluating the protein expression levels. 
The purposes of the study required the primary emphasis of 
the bioinformatic analysis to be placed on marker proteins 
of EMT and proteins of signaling pathways determining 
the interactions between cancer cells and the extracellular 
matrix.

Electron microscopy. The cells were fixed in 2.5% glutaralde-
hyde for 1 h, and washed in PBS twice (30 min/wash; 25˚С). 
Post‑fixation was conducted in osmium for 1 h, following which 
the cells were dehydrated in 30, 50, 70 and 80% ethanol, and 
twice in 96% ethanol, for 10‑15 min in each solution (25˚С). 
Subsequently, the samples were treated with ethanol‑acetone 
at ratios of 3:1, 1:1 and 1:3 for 15 min in each solution (25˚C). 
The samples were embedded in resin (Epon‑812, 4.4  ml; 
dodecenylsuccinic anhydride, 3.7 ml; methyl nadic anhydride, 
1.9 ml) by infiltrating them into a graded series of acetone 
and resin mixture with a 3:1 ratio for 30 min, 1:1 for 2 h, 1:3 
for 30 min, and resin alone for 12 h (25˚С). The embedding 
was finalized as follows: Two drops of accelerator per 1 ml 
of resin; and polymerization lasting for 72 h at 60˚C. Sections 
of 70‑nm thickness were prepared using Ultracat E Reichert 
(Leica Microsystems, Inc., Buffalo Grove, IL, USA). The 
sections were stained with the following solutions: 1% uranyl 
acetate for 6 min; and lead citrate for 1.5 min. The transmis-
sion electron microscope (Libra 120; Carl Zeiss AG) was used 
for visualization of the results.

Flow cytofluorometry. The exchange of a fluorescent tag 
was additionally studied with a f low cytofluorometer. 
The cells stained with fluorescent tracers were extracted 

using trypsin and washed by double centrifuging in PBS 
(120 x g; 3 min; 37˚С). The precipitate was resuspended 
in 400 µl PBS, and analyzed with a BD Accuri® C6 flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). At 
least 10,000 single cells were analyzed in each sample. To 
distinguish single cells from aggregated ones, and to exclude 
the aggregated cells from the analysis, the following methods 
were used: A combination of signals from forward (value 
proportional to the size of the cells) and side (value character-
izing the cell structure) light scattering; and the combination 
of the intensity of the peak signal against the intensity of inte-
grated forward or side scattering signals. The results obtained 
were analyzed with Kaluza 1.3 software (Beckman Coulter, 
Inc., Brea, CA, USA).

Comparative analysis of cellular proteomes. Cancer cells 
(50,000) were seeded into 6‑well plates and cultivated at 
37˚C with 5% СО2 to reach 30% confluence, in DMEM/F12 
(Gibco; Thermo Fisher Scientific, Inc.) medium containing 
10% FBS, 1% 200 mM L‑glutamine and 20 mM HEPES. 
Subsequently, the cells were washed with Hanks' Balanced 
Salt Solution and transferred into DMEM/F12 serum‑free 
medium with the addition of 5 ng/ml TGF‑β1 for 72 h. The 
cells of the monolayer culture were extracted, the precipitate 
was centrifuged out (120 x g; 10 min; 25˚С), supernatant was 
removed, and the cells were resuspended in 3 ml PBS (рН 7.4). 
PBS washing was repeated twice. The cells were lysed with 
a Mammalian Cell Lysis kit (Sigma‑Aldrich; Merck KGaA). 
The received samples were purified from low‑molecular 
components using Agilent 5K MWCO Spin Concentrators for 
Proteins (Agilent Technologies GmbH, Waldbronn, Germany). 
Tryptic cleavage: Lysates were added to 2.2.2‑trifluoroethanol 
(Reagent Plus; Sigma‑Aldrich; Merck  KGaA), NH4HCO3 
(Ultra; Fluka Chemie AG, Buchs, Switzerland) and trichlo-
roethylphosphate (Fluka Chemie AG) (1 h; 600˚C). Aqueous 
iodoacetomide (Sigma‑Aldrich; Merck  KGaA) was added 
(30  min; 250˚C); subsequently, NH4HCO3 solution, water 
and trypsin solution (porcine pancreatic; proteomics grade; 
demethylated; Sigma‑Aldrich; Merck  KGaA) in 1  mM 
hydrochloric acid (Purum; Chimmed, Moscow, Russia) 
(18 h; 370˚C). Solutions were analyzed by mass spectrometry 
for trypsinolysis completeness, which was controlled by the 
peaks of tryptic peptides and by the areas of peaks with 
m/z 842.51 Da and 421.76 Da. Mass‑spectrometry: Tryptic 
peptides were analyzed in the nanoflow chromatograph Dionex 
Ultimate 3000 in combination with mass spectrometer LTQ 
Orbitrap XL (Thermo Fisher Scientific, Inc.) with a nanospray 
ionization ion source. Mass spectra were obtained using the 
positive ion mode in the m/z 300‑2,000 Da range, a needle 
voltage of 1.7 kВ, a source temperature of 200˚С, a voltage to 
capillary of 43 В, and to lens 165 В. Mass spectra were regis-
tered in the orbital trap in Fourier transform mode; tandem 
spectra were obtained by ionization induced by collisions in a 
linear trap (enhanced scanning mode).

To identify proteins, the mass spectra were converted into.
mgf files using Proteome Discoverer 1.0 software (Thermo 
Fisher Scientific, Inc.); pattern WF_Spectrum_Export_MGF 
was set as the default except for the mass range (between 
300 and 10,000 Da) and retention time (0‑180 min). Protein 
searches were performed on the local server with Mascot 
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Server 2.3.02 software (Matrix Science, Ltd., London, UK). 
Search parameter were as follows: Database, National Center 
for Biotechnology Information non‑redundant GenBank 
(version, January 25th 2012); species, Homo sapiens; enzyme, 
trypsin; number of missed cleavages, 2; accuracy of parent 
ion mass, 10  ppm; fragments, 0.8  Da; ion trap. Identified 
proteins were sorted by MudPIT score (Mascot Server 2.3.02 
software; Matrix Science, Ltd.; http://www.matrixscience.
com/server.html), presenting peptides at a significance level 
of P<0.05. Received lists of identified proteins and mass 
spectra were uploaded to Skyline 1.2.0.3303 (University of 
Washington, Seattle, WA, USA; https://skyline.gs.washington.
edu/labkey/project/home/software/Skyline), and peak peptide 
areas were received for every probe. The areas of all the 
peaks of every identified peptide were summed and normal-
ized according to total area of all identified peaks in the 
probe. Biological processes, molecular functions, cellular 
localization and protein signaling pathways were annotated 
using the PubMed (https://www.ncbi.nlm.nih.gov/pubmed), 
PANTHER (http://www.pantherdb.org), Gene Ontology 
(http://geneontology.org) and Kyoto Encyclopedia of Genes and 
Genomes databases (https://www.genome.jp/kegg/kegg1.html).

Statistical analysis. The data were processed using GraphPad 
Prism 4.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA). Results of the migration and electron microscopy 
study are presented as boxplots, indicating quartiles 1 and 3, 
the median, and the minimum and maximum data values 
(whiskers). Statistical analysis was performed using the 
Mann‑Whitney U test. The results were considered to be 
statistically significant at U<Ucrit=93 (n=19) for α=0.01; and 
U<Ucrit=113 (n=19) for α=0.05.

The results of the study of the effects of TGF‑β1 on glio-
blastoma cells are presented as the mean ± standard error of 
the mean. The analysis of variance F‑test was used for data 
analysis (n=75; m=25) followed by a post hoc t‑test with 
Bonferroni correction. Results were considered to be statisti-
cally significant at values of family‑wise error rate <P<α.

Results

Stimulation of control cells with TGF‑β1. TGF‑β1 (30 ng/ml) 
did not have a pronounced effect on the proliferation of U87 
glioblastoma cells. The gradual reduction of the TGF‑β1 
concentration to 20 and 10 ng/ml  (Fig. 1) slowed the cell 
proliferation and led to notable morphological altera-
tions  (Fig.  2A  and  B). Glioblastoma cells were dispersed 
over the surface of the well and created conglomerates with 
an evenly distributed fluorescent tag. These were connected 
with the microtubes of dispersed cells, which was particu-
larly noticeable in the panoramic view (Fig. 2С and D). This 
phenomenon was absent in the control group.

The analysis of electronograms revealed cells with 
large nuclei and irregular shapes, dispersed chromatin and 
well‑defined nucleoli. The cytoplasm of the control cells 
contained larger areas of lower electron density and dispersed 
distribution of components resembling carbohydrate inclu-
sions, among which there were round objects resembling lipid 
droplets  (Fig. 3A). Touching the cell surface, they created 
adhesion and contact bands with a spongy amorphous matrix 

spread among them (Fig. 3B). In places, there were large areas 
of cell adhesion with interdigitation represented by adjacent 
cellular membranes that had their surface dissolved in sections, 
thus creating zones of cytoplasmic fusion with homogenous 
content (Fig. 3C). The scanning microscopy revealed certain 
cells with fused membranes (Fig. 3D), and cells joined by cyto-
plasm tube‑like extensions that allowed single cells (Fig. 3E) 
and cell conglomerates (Fig. 3F) to interact with each other. 
Stimulation of glioblastoma cells with TGF‑β1 was accom-
panied by a decrease in the number of intercellular contacts 
and the almost complete disappearance of specific inclusions 
in the cytoplasm (Fig. 4). The presence of numerous filopodia 
indicated an increased rate of cancer cell mobility.

Interaction of HSCs and cancer cells in  vitro. According 
to the automated monitoring, the migration of HSCs to the 
inserts with glioblastoma cells in the non‑stimulated experi-
mental group was more dynamic compared with the group 
stimulated with TGF‑β1 (Fig. 5). According to the monitoring 
data, the increase in the number of HSCs migrating to U87 
cells enhanced the ability of the tumor cells to detach from the 
substrate and move across the well surface.

After 48  h, cancer cells in the control group and the 
experimental co‑culture with adhesive HSCs were arranged 
in grape‑like clusters (Fig. 6). After 12 h, in addition to the 
fluorescent cells stained with CMTPX RED (λ, 546 nm; red 
tag) and adherent HSCs stained with CFDA (λ, 488 nm; green 
tag), green fluorescent objects of a smaller size began to appear 
on the surface of and inside glioblastoma cells (Fig. 7). This 
phenomenon was also present in the cell culture stimulated 
by TGF‑β1; however, by the end of the experiment there were 
notably fewer HSCs in the well with co‑culture compared with 
the control group.

The exchange of the fluorescent tag was not one‑sided. 
As the observation progressed, the fluorescence of the stem 
cells adherent to glioblastoma cells exhibited dominant yellow 
tones (Fig. 7) that were attributed to a spectral intersection 
of fluorescent signals from СFDA (λ, 488 nm) and CMTPX 
Red (λ, 546 nm) dyes. This was likely to have been caused 
by the fluorescent tag carried by the cancer cells. In the 
non‑stimulated group these results were similar. Interaction 
with HSCs had a pronounced effect on glioblastoma cells, 
which was indicated by the proliferation rate returning to a 
level similar to that of the control group (Fig. 8).

Comparative analysis of cancer cell proteomes. This phase 
of the experiment involved analyzing the impact of TGF‑β1 
on the molecular phenotype of glioblastoma cells. During the 
incubation of the U87 line cells in the medium with TGF‑β1, 
637 proteins exhibited a significant alteration in expression; 
513 proteins had an increase in expression, while 124 proteins 
had an expression decrease (P<0.01). Bioinformatics analysis 
of proteins with significant alterations in their expression 
was based on their status as EMT markers (Table I) and their 
involvement in signaling mechanisms regulating cellular 
interactions with the microsurroundings and extracellular 
matrix  (Table  II). Fig.  9 presents a schematic representa-
tion of protein upregulation under the influence of TGF‑β1. 
These proteins are components of the interaction between the 
extracellular matrix and the cell membrane. There are also a 
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number of proteins that are simultaneously adjusted with the 
components of the ECM in this schematic. The synthesized 

components of the extracellular matrix allow cells to invade 
surrounding tissues. The components of the integrin signaling 

Figure 2. Morphological features of cancer cells treated with TGF‑β1. Cancer cells were stained with CellTracker™ Red CMTPX. The images were captured 
following 72 h of treatment. (A) Glioblastoma U87 cells (control group); (B) glioblastoma U87 cells treated with 10 ng/ml TGF‑β1; (C) panoramic view of nine 
slides of control U87 cells; (D) panoramic view of nine slides of U87 cells treated with 10 ng/ml TGF‑β1. TGF‑β1, transforming growth factor‑β1.

Figure 1. Growth dynamics of glioblastoma U87 cells treated with transforming growth factor‑β1. *Family‑wise error rate <P=0.01 <α=0.05/4 vs. control.
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Figure 4. Effect of TGF‑1β on glioblastoma cells. (A) Quantity of carbohydrate inclusions and lipid droplets. (B) Number of contacts between glioblastoma 
cells. *P<0.01, **P<0.05. TGF‑β1, transforming growth factor‑β1.

Figure 3. Microphotographs of glioblastoma U87 cells. (А) Carbohydrate inclusions and lipid droplets in a glioblastoma cell. (B) Adhesive contacts between 
glioblastoma cells; (C) extensive merger of glioblastoma cells, (D) partial cytoplasmic fusion between glioblastoma cells. (E) Cytoplasmic bridge connecting 
the glioblastoma cells. (F) Conglomerate of glioblastoma cells connected by cytoplasmic extensions.
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Table I. Alteration in the expression of proteins involved in epithelial‑mesenchymal transition in cells of the U87 human glioblas-
toma line, following stimulation with TGF‑β1.

Abbreviation	 Protein name	 Ratio, TGF‑β1/control

CDH1	 Е‑cadherin	 ↓
OCLN	 Occludin	 ↓
CLDN1	 Claudin1	 0.65
VIM	 Vimentin	 2.81
FN1	 Fibronektin1	 4.10
FNDC3B	 Fibronectin type III domain containing 3B	 3.32
Actl6a	 Actin‑like 6A	 ↑
Actn1	 Actinin, α1	 2.04
ARPC3	 Actin related protein 2/3 complex subunit 3	 2.31
MYBPC3	 Myosin binding protein C, cardiac	 5.71
Myo1C	 Myosin IC	 2.82
MYO5A	 Myosin VA (heavy chain 12, myoxin)	 ↑
Myo7a	 Myosin VIIA	 ↑
MMP2	 Matrix metallopeptidase 2 	 2.85
MMP9	 Matrix metallopeptidase 9 	 2.10
MMP14	 Matrix metallopeptidase 14	 ↑
ADAMTS1	 ADAM metallopeptidase with thrombospondin type 1 motif, 1	 ↑

aArrows indicate proteins whose expression was completely abrogated (↓) or which appeared for the first time (↑) following stimulation with 
TGF‑β1. TGF‑β1, transforming growth factor‑β1.

Table II. Proteins of the integrin and focal adhesion signaling pathways with enhanced expression in glioblastoma cells of the 
U87 line after stimulation of TGF‑β1.

Abbreviation	 Protein name	 Ratio, TGF‑β1/control

ITGA2	 Integrin, α2	 1.91
ITGA8	 Integrin, α8	 ↑a

ITGAX	 Integrin, αX	 1.61
ITGA3	 Integrin, α3	 0.81
ITGAV	 Integrin, αV 	 1.51
ITGA5	 Integrin, α5	 1.55
ITGB2	 Integrin, β2	 1.21
ITGB3	 Integrin, β3	 2.01
ITGB1	 Integrin, β1	 1.52
Memo1	 Mediator of cell motility 1	 ↑
LAMB1	 Laminin, β1	 7.22
Col15a1	 Collagen, type XV, α1	 2.42
COL1A2	 Сollagen, type I, α2	 3.59
COL6A1	 Сollagen, type VI, α1	 2.34
COL7A1	 Collagen, type VII, α1	 4.58
RHAMM	 Hyaluronan‑mediated motility receptor 	 ↑
CDC42	 Cdc42 GTPase‑activating protein	 ↑
RhoA	 Ras homolog gene family, member A	 1.45
RHOC	 Ras homolog gene family, member C	 1.21
ROCK2	 Rho‑associated, coiled‑coil containing protein kinase 2	 1.38
CK2A2	 Casein kinase 2, alpha prime polypeptide	 2.61
CTNND1	 Catenin (cadherin‑associated protein), δ1	 2.60
Cul1	 Cullin 1	 2.53
DAAM1	 Dishevelled associated activator of morphogenesis 1	 6.54
APC	 Adenomatous poliposis coli	 ↑

aArrows (↑) indicate proteins that were not present in the control group and appeared for the first time following stimulation with TGF‑β1. 
TGF‑β1, transforming growth factor‑β1.
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pathway, following stimulation with TGF‑β1, also undergo 
upregulation, which transforms cells stimulated by TGF‑β1 
into cancer stem cells (Table II; Fig. 9)

Discussion

The role of TGF‑β1 in the process of carcinogenesis of glio-
blastoma multiforme is extremely complex. According to a 
previous study, when TGF‑β1 functions under normal condi-
tions it inhibits cell proliferation, arrests the cell cycle, and 
initiates differentiation or apoptosis (22). Following neoplastic 
transformation, certain parts of the TGF‑β1 signaling pathway 
are altered, and TGF‑β1 no longer exerts its effects on the 
cell (22). This may explain the present observation of high 
proliferation rates in glioblastoma cells treated with 30 ng/mg 
TGF‑β1. A high concentration of TGF‑β1 may be essential 
for neoplastic growth. In normal in vivo conditions, TGF‑β1 
arises from the cancer cells themselves, fibroblasts, cells of 
cancerous microglia/macrophages, and possibly from immu-
nocytes recruited by the tumor (22).

It is likely that the intensive growth of cancer cells creates 
competition for oxygen and other sources of nutrition, which 
leads to inhibition of cell metabolism and a lower level of 
TGF‑β1 synthesis. Therefore, this transformation may initiate 
cell migration from hypoxic areas to other areas with a better 
blood supply, where the local microenvironment may be more 
favorable. This hypothesis is supported by the gradual decrease 
in replicative activity among cancer cells in the present study, 

Figure 5. Effect of TGF‑β1 on hematopoietic stem cell migration to glioblas-
toma cells. *P<0.01. TGF‑β1, transforming growth factor‑β1.

Figure 6. Morphological features of glioblastoma cells in co‑culture with HSCs 72 h after the start of the experiment. Cancer cells were stained with Red 
CMTPX and HSCs were stained with CFDA SE. (A) U87 glioblastoma cells in co‑culture with HSCs (panoramic view of nine slides); (B) U87 glioblastoma 
cells in co‑culture with HSCs following treatment with 10 ng/ml TGF‑β1 (panoramic view of nine slides); (C) U87 cells co‑cultured with HSCs; (D) co‑culture 
treated with 10 ng/ml TGF‑β1. HSC, hematopoietic stem cell; TGF‑β1, transforming growth factor‑β1.
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when the TGF‑β1 concentration was reduced to 20 and 
10 ng/ml. Other studies also support this hypothesis (18,19).

On the one hand, this mechanism hinders the progress 
of the neoplastic process; on the other hand, it ensures the 

Figure 8. Effect of TGF‑β1 on the growth dynamics of glioblastoma U87 cells in co‑culture with HSCs. *Family‑wise error rate <P=0.01 <α=0.05/3 vs. U87. 
TGF‑β1, transforming growth factor‑β1.

Figure 7. Exchange of a fluorescent tag between HSCs and cancer cells 72 h after the start of the experiment. Cancer cells were stained with Red CMTPX and 
HSCs were stained with CFDA SE. (A) Fluorescent tag exchange between HSCs and U87 glioblastoma cells. (B) Exchange of a fluorescent tag between HSCs 
and U87 cancer cells after treatment with 10 ng/ml of TGF‑β1. (C) Fusion or phagocytosis of HSCs and U87 glioblastoma cells. (D) Fusion or phagocytosis 
of HSCs and U87 glioblastoma cells following treatment with 10 ng/ml of TGF‑β1. Arrows indicate the cells involved in fluorescent tag exchange. HSC, 
hematopoietic stem cell; TGF‑β1, transforming growth factor‑β1.
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selection of hypoxia‑resistant cellular elements that make a 
tumor more aggressive. Switching from a proliferation to a 

migration program is reflected by more active interaction with 
the surface of the culture plate. TGF‑β1 stimulation leads to 

Figure 9. ECM‑receptor interactions and WNT signaling pathways. Maps of (A) ECM‑receptor interactions and (B) WNT signaling pathways are presented. 
Proteins with increased expression in glioblastoma cells treated with transforming growth factor‑β1 are highlighted in red. ECM, extracellular matrix.
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an intensification of exocrine function in cancer cells, causing 
a decrease in the number of intracellular inclusions and inter-
cellular contacts, and creating multiple exocyte bubbles and 
actively releasing cell contents (22). The synthesis of extra-
cellular matrix components combined with the production of 
proteolytic enzymes is an important part of a complex invasive 
growth program (23). By secreting components of the extra-
cellular matrix and interacting with them, a cancer cell may 
penetrate the surrounding tissues. The ability of cancer cells 
to synthesize components of the extracellular matrix may be 
considered to be a crucial mechanism in shaping the aggres-
sive nature of cancer (24). The production of matrix proteins 
and molecules involved with cellular adhesion and migration 
explains the marked alteration in the shape of cells and the 
appearance of multiple filopodia (25).

However, the present study suggested that these changes 
do not exclude a possibility of coordinated interaction among 
glioblastoma cells due to a complex system of intercellular 
communication creating a unified system of cells.

Cross‑talk between cells in living organisms is based on 
the exchange of information. With the help of intercellular 
interactions, the coordinated regulation of metabolism, differ-
entiation and cell proliferation occurs in different tissues. 
The complex system of microtubes joining glioblastoma cells 
merits consideration. Certain studies have suggested that 
there is a cancer cell communication network (24‑27). This 
network is thought to be responsible for transporting proteins 
that confer chemoresistance and radiation resistance, proteins 
responsible for DNA repair, microRNAs (miRNAs) disrupting 
the processes of epigenetic control over oncogene expression, 
the hierarchical development of glioblastoma cells (6), and the 
creation of CSC niches (21).

It is known that the development of an invasive phenotype 
in cancer cells following stimulation by TGF‑β1, as described 
by the authors of the present study (20) and others (23), is not 
limited by their localization. Appearing as a response to the 
local conditions, a transformed resistant and invasive molec-
ular phenotype is transmitted to other cells through adhesive 
contacts, multiple connective tubes, the fusion of cancer 
cells and the production of microvesicles. To an extent, this 
system of communication may explain the dynamic nature of 
CSC populations, and the presence of cancer/stem progenitor 
cells, tumor‑inducing cells and other neoplastic elements 
with properties that are not typical for ordinary glioblastoma 
cells (6,13,14).

The production of microvesicles is one of the less‑studied 
types of communication between neoplastic cancer 
cells  (24‑26). This type of communication is used for 
long‑distance transportation of materials or to protect materials 
from an aggressive microenvironment. In addition to DNA and 
RNA, microvesicles may transport CD44, CD133+ mitogen 
activated protein kinase, epidermal growth factor vIII receptor, 
disintegrin and metalloproteinase domain‑containing protein 
10, Annexin A2 and certain pro‑metastatic molecules (28‑30). 
It is possible to transfer drug resistance between invasive 
glioma cells through exosomes (31). Therefore, it is possible 
make a justified assumption that microvesicle synthesis is a 
self‑sufficient mechanism of tumor aggression, which renders 
it possible to transfer an invasive phenotype to other cells and 
tissues.

Normal CD45+ CD34+ HSCs are able to migrate to cells 
of different types, although they have increased mobility 
towards cancer cells. In animals with implanted glial brain 
tumors, intravenously injected HSCs migrate to the tumor 
nidus and accumulate in areas of invasion and necrosis (32). 
A previous study reported that hematopoietic CD34+ CD45+ 
stem cells migrate towards glioblastoma cells and interact 
with them, indicative of a strong association between these cell 
types (32). It is possible that by recruiting bone marrow cells, 
the tumor creates its own microenvironment, allowing it to 
optimize resources and escape the innate immune system and 
other defense mechanisms of the body (32). As demonstrated 
by fluorescent microscopy, HSCs attach themselves to cancer 
cells in ‘piggy‑back fashion’, as described by Aboody et al (7). 
The method of electron microscopy failed to reveal specific 
intercellular contacts between the mononuclear cells and 
cancer cells. This may be associated with the disappearance 
of mononuclear cells, caused by the toxic products of glioblas-
toma cellular metabolism.

According to the results of the present study, TGF‑β1 
stimulation did not reduce the ability of glioblastoma cells to 
attract HSCs. The cells actively attached themselves to glio-
blastoma cells and exchanged fluorescent tags.

Exchanging a fluorescent tag during the interaction of 
normal stem cells and cancer cells suggests the possibility of 
transferring cellular proteins and other cytoplasm components 
that the dye adheres to. The results of the flow cytometry 
indicated the presence of cancer cells with a double fluores-
cent tag, which represented cells with new properties. It is 
noteworthy that the exchange of a fluorescent tag goes in both 
directions. The most likely mechanisms of these interactions 
are gap junction contacts, the exchange of biological informa-
tion through microvesicles or the direct receipt of biological 
material secreted by the membrane of neoplastic cells (31).

Gap junction contacts (33) do not allow for the transfer 
of large protein molecules between cells, although they do 
allow cells to exchange miRNAs. Previously, miRNAs that 
inhibit [the Let‑7 family, miRNA (miR)34, miR31, miR451, 
miR145, miR200/141, the miR14/15 family, miR23b, miR223 
and miR224] (34) and stimulate (the miR17‑92 cluster, miR21, 
H19, MALAT and HOTAIR/miR‑10b) cellular transition to a 
pro‑tumor phenotype have been described (35‑37,28). Together 
with cellular proteins, these miRNAs may be transported to 
cancerous and non‑cancerous cells through microvesicles, or 
may be transferred during cell fusion or contact. However, the 
possibility of direct absorption by non‑cancer cells may not be 
ignored, and was partially demonstrated by the results of the 
fluorescence microscopy in the present study.

It is notable that during cell interactions, the proliferation 
speed of glioblastoma cells that were treated with TGF‑β1 
became similar to that of the control group. The intensified 
proliferation rates of glioblastoma cells stimulated by TGF‑β1 
while interacting with HSCs indicated the ability of normal 
CD45+ CD34+ stem cells to switch proliferation and migration 
programs, which is likely to be a focal point of HSC anti-
tumor potential. This has significant theoretical importance. 
The triggering of EMT stimulates invasion and migration, 
accompanied by intensified interaction with the extracellular 
matrix and a decreased rate of cancer cell replication (13). The 
decline in replication activity to the control values suggested 



MILKINA et al:  INTERACTION OF HSCs AND GLIOBLASTOMA CELLS STIMULATED BY TGF-β1 in vitro2606

a decreasing interaction with the extracellular matrix and an 
inhibition of invasion. In this respect, it may be proposed that 
the combination of a stem cell‑based medication with cyto-
static chemotherapy and radiation may be essential for the 
destruction of neoplastic cells.

However, the present experimental data are not sufficient 
for the successful implementation of cellular technologies in 
practice. It is necessary to have a clear understanding of what 
specific molecular mechanisms are activated in glioblastoma 
cell TGF‑β1 stimulation, and how exactly HSCs are able to 
regulate them. The answers to these questions are not trivial. 
TGF‑β1 stimulation of cancer cells is accompanied by substan-
tial modification of their molecular phenotype, rendering them 
similar to cancer stem cells.

The integrin and focal adhesion signaling pathways 
are the most accessible pathways for regulatory influence 
in normal neural stem cells and stem cells of the bone 
marrow, and in cancer stem cells of human glioblastoma. 
The present study demonstrated that TGF‑β1 stimulation of 
cancer cells was accompanied by a significant alteration in 
E‑cadherin, occluding and claudin‑1 production, and inten-
sified synthesis of vimentin, actin and other EMT markers. 
However, the maximum upregulation was achieved for 
proteins of integrin and focal adhesion signaling pathways. 
This was not unexpected; increased expression of proteins 
regulating the interaction of cancer cells with the extracel-
lular matrix during EMT is a logical outcome of TGF‑ β1 
stimulation.

The fact that the focal adhesion proteins with increased 
expression  (Ras homolog gene family, member A, Ras 
homolog gene family, member C, Rho‑associated, coiled‑coil 
containing protein kinase 2, dishevelled associated activator of 
morphogenesis 1 and cullin 1) were components of the WNT 
signaling pathway was noteworthy. Key components of canon-
ical WNT/β‑catenin pathway (CK2A2 and APC) appeared 
de novo as a reaction to stimulation. This signaling pathway is 
a strategically significant mechanism of stemness, indicating 
a possibility of developing CSC properties in these cells in 
response to invasion programs. Proliferation intensification in 
cancer cells with EMT upon interacting with HSCs indicates 
the ability of normal stem cells to regulate this process, and 
requires further study.

The following conclusions may be drawn from the present 
study. U87 glioblastoma cells have a complex system of commu-
nication, including adhesive intercellular contacts, areas of 
interdigitation with dissolution of the cytoplasm, cell fusion, 
communication microtubes and microvesicles. The effect 
of TGF‑β1 on glioblastoma cell proliferation was inversely 
proportional to its concentration in the medium. When the 
concentration of TGF‑β1 reached 10 ng/ml, it resulted in the 
modification of cell shape and the intensification of exocrine 
functioning. HSCs migrated to glioblastoma cells, interacted 
with them and exchanged fluorescent tags. Stimulation of 
cancer cells with 10 ng/ml TGF‑β1 weakened their ability to 
attract HSCs and exchange a fluorescent tag. The prolifera-
tion rate of glioblastoma cells treated with TGF‑β1 increased 
during intercellular interactions. TGF‑β1 triggered the mecha-
nisms of EMT in glioblastoma cells, which was accompanied 
by an alteration in the production of E‑cadherin, occluding 
and claudin‑1, and enhanced synthesis of vimentin and actin. 

Upregulation of the proteins of the integrin and focal adhesion 
signaling pathways was accompanied by an increase in the 
expression of proteins of the WNT signaling pathway. These 
processes indicated a direct association between the initiation 
of EMT and the stemness of the cancer cells phenotype. It is 
apparent that HSCs may be able to regulate this process, which 
requires continued research.
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