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Abstract 

Glioblastoma multiforme (GBM) represents the most lethal brain tumor with very limited 
treatment options. Mesenchymal stem cells (MSCs) are considered as candidates for 
advanced cell therapy, due to their tropism towards GBM, either directly affecting their 
malignancy or acting as a potential therapeutic vector. Here, we aimed to compare the 
effects of bone marrow (BM) and adipose tissue (AT) MSC on two different tumor cells 
lines of GBM population. The interplay of these cells was addressed with U87 and U373 
GBM cell lines by in vitro two-dimensional (monolayer) and three-dimensional (spheroid) 
co-culture models.  Indirect co-cultures, where the cells interacted by paracrine mechanism, 
as well as direct interactions in co-cultures promoted an increase in kinin-B1(B1R) and 
kinin-B2 (B2R) receptor expression levels in U87 cells, which was not observed in MSCs. 
The functionality of B1 and B2R was monitored by stimulation of intracellular calcium 
fluxes upon their respective agonists des-arg9-bradykinin (DBK) and bradykinin (BK), 
respectively. Moreover, BK induced a feedback control on kinin-receptor expression in 
direct and indirect co-cultures, as the treatment with BK increased expression levels of 
both receptors in U87 cells. This suggests that BK functions in the flow of information 
between GBM-MSC, being important for tumor progression. U87 cell migration and 
invasion in 3D co-cultures with BM-MSCs were greatly enhanced by kinin receptor agonists 
and blocked antagonists of these receptors. Enhanced migration and invasion correlated 
with significantly higher cell-cell interactions, such as more frequent heterotypic cell fusions 
and even cell cannibalism, as well as vesicle transfer between U87 and BM-MSC cells in 
direct co-cultures. These cell-cell interactions were also reduced after B1R antagonism. 
Further, CD105 and CD90 MSC phenotype biomarker acquisition occurred in U87 cells 
after these had been co-cultured with MSCs. BK promoted upregulation of epithelial-to-
mesenchymal transition (EMT) gene expression together with F-actin expression in U87 
cells which is associated with cell-cell interaction and invasion. In conclusion, GBM-MSC 
interactions promote tumor cell invasion, migration and EMT by inducing kinin receptor 
expression. Supposedly, kinin receptor activation favors these events by increasing tumor 
aggressiveness and, thus, may provide a novel therapeutic target. 
 
Key terms: Bradykinin; kinin-B1 receptor; kinin-B2 receptor; glioblastoma; mesenchymal 
stem cells (MSCs); cell co-cultures; receptors; epithelial-to-mesenchymal transition (EMT); 
cell invasion. 
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Povzetek 

Glioblastom multiforme (GBM) je najbolj smrtonosni možganski tumor z zelo omejenimi 
možnostmi zdravljenja. Mezenhimske matične celice (MSC) predstavljajo možen način 
naprednega celičnega zdravljenja zaradi svojega tropizma proti GBM, kjer bodisi 
neposredno vplivajo na njegovo malignost bodisi kot potencialni terapevtski vektorji. Tukaj 
smo želeli primerjati učinke MSC celic kostnega mozga (bone marrow=BM) ali maščobnega 
tkiva (adipose tissue=AT) na dve različni vrsti tumorskih celic. Medsebojni vpliv teh celic 
in  GBM celičnih linij U87 in U373 smo proučevali z in vitro dvo-dimenzionalnimi 
(monoslojnimi) in tro-dimenzionalnimi (sferoidnimi) modeli so-kultur. Posredne so-kulture, 
kjer celice komunicirajo preko parakrinskih mehanizmov in njihove  neposredne interakcije 
v so-kulturah spodbujajo povečanje izražanja kinin-B1 receptorjev (B1R) in kinin-B2 
(B2R) receptorjev v celicah U87, ne pa tudi v MSCs. Funkcionalnost receptorjev B1R in 
B2R smo spremljali s stimulacijo znotraj-celičnega pretoka kalcijevih ionov z agonisti obeh 
BR, des-arg9-bradikinina (DBK) oz. bradikinina (BK). Izkazalo se je, da je BK ključen v 
krmiljenju povratnih informacij med nivoji kininskih receptorjev, tako v posredni kulturi 
kot tudi v neposredni so-kulturi. Kininski agonisti so pospešili migracijo / invazijo U87 
celic v 3D-kulturah z BM-MSC, kininski antagonisti pa so jih inhibirali. Povečana migracija 
in invazija sta bili povezani z bistveno večjimi interakcijami celic,  kot so npr. pogostejše 
fuzije heterotipnih celic in kanibalizem U87 in BM-MSC celic ter izločanje izvenceličnih 
veziklov (EV) v so-kulturah. Ob dodajanju B1 antagonista so  bile celične interakcije manj 
pogoste. Poleg tega so celice U87 v interakciji z MSC začele izražati biomarkerje 
mezenhimskega fenotipa, kot so CD105 in CD90. Predpostavljamo, da v U 87 celicah BK 
regulira izražanje genov, ki posredujejo epitelno-mezenhimsko tranzicijo (EMT), skupaj z 
ekspresijo F-aktina, ki je povezan s celično invazijo. Na splošno lahko zaključimo, da smo 
odkrili, da interakcije med GBM in MSC celicami spodbujajo invazijo in migracijo 
tumorskih celic preko EMT, ki jo inducirajo kininski receptorji. Domnevamo, da aktivacija 
kininskih receptorjev tako spodbuja agresivnost tumorja, zato bi ti lahko predstavljali nove 
terapevtske tarče.  
 
Ključni pojmi: Bradikinin; kinin-B1 receptor; kinin-B2 receptor; glioblastom; 
mezenhimske matične celice;  receptorji; epitelijsko-mezenhimski prehod (EMT); celična 
invazija.  
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Chapter 1 

1 Introduction 

1.1 The Kallikrein-Kinin System   

Bradykinin (BK) was first described in isolated plasma globulins in 1949 by Rocha et al. 
It was observed that treatment with Bothrops jararaca viper venom led to reduction in 
cardiac contractions (E Silva, Beraldo and Rosenfeld, 1949). This peptide is a potent 
endothelium-dependent vasodilator that contributes to hypotension in the systemic 
circulation (Maurer et al. 2011). BK is a low molecular weight nonapeptide (1060.21 Da, 
C50H73N15O11), which is rapidly degraded by plasma and tissue metalloproteinases.  BK 
sequences are relatively conserved among different vertebrate lineages (Table 1). It has a 
half-life of 17 seconds; therefore, its blood levels are relatively low under physiological 
conditions (0.2-7.1pM) (Negraes et al. 2015; Maurer et al. 2011). While BK has a greater 
affinity for the kinin-B2 receptor (B2R or B2BKR) DBK, its derivative has affinity for the 
kinin B1 receptor (B1R or B1BKR)(Leeb-Lundberg et al., 2001). Both receptors are G 
protein-coupled (GPCR) and trigger calcium signaling events, typical for GPCRs. The 
genes encoding the two receptors from several mammalian species were cloned (Cayla, 
Merino, and Cabrini 2002; Pesquero et al. 1994; Wong 2016). In humans, both genes are 
located at the same chromosome 14 residing in region 14q32 (Cayla, Merino, and Cabrini 
2002). 
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Table 1.1: Bradykinin sequences in vertebrates  

 
 
 

Kallikrein-Kinin metabolism begins with higher molecular weight (HK) and low 
molecular weight (LK) kininogens, which can be found in plasma and tissue, respectively. 
These proteins are proteolytically cleaved by Kallikreins, generating either bradykinin 
(plasma) or kallidin (tissue), depending on a location. BK can also be obtained through 
cleavage of lysine on the amino-terminal end of kallidin by arginine aminopeptidase (AAP). 
These peptides can be further processed to their des-Arg metabolites by kininase-1 and 
carboxypeptidases (CPM), respectively. The des-Arg kinin binds to the B1 receptor (B1R). 
Kinins are rapidly inactivated, mainly by angiotensin converting enzyme (ACE, i.e. 
kininase II). Kinin receptor stimulation through kinins is involved in diverse 
(patho)physiological processes, such as control of blood pressure, inflammation and cancer 
(Kashuba et al. 2013; Obiezu and Diamandis 2005; Article et al. 2013), as shown in Figure 
1.1. 

The B2R is constitutively and widely expressed throughout the central and peripheral 
nervous system, mediating most of the physiological effects of kinins (Negraes et al. 2015). 
The B1R on the other hand is not expressed in most tissues under normal conditions, but 
displays an essential role and is quickly activated under inflammatory conditions (Ehrenfeld 
et al., 2006), infectious or traumatic stimuli (Marceau 1995) or cancer (Raidoo et al., 1999). 
Kinins are important inflammatory mediators that are involved in many pathophysiological 
processes. It has been reported that the B1R plays a pro-tumor role via cross-talking with 
the B2R (Barki-Harrington et al., 2003). The activation of the B1R induces cell migration 
(D. Y. Lu et al. 2010), which is assisted by expression of matrix metalloproteinases (MMPs) 
MMP-2 and MMP-9 (Ehrenfeld et al. 2011). It has also been reported that B1R antagonists 
decrease proliferation of breast cancer cells (Molina et al. 2009).  

Our group has previously demonstrated that treatment with BK promotes neural cell 
differentiation (Trujillo et al. 2015) and that the Erk/Akt pathway is involved in 
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proliferation and migration (Pillat et al 2016). However, the role of kinins in the brain 
microenvironment of malignant tumors still remains unexplored. Kinin receptors are known 
to be involved in cell proliferation, chemotaxis and invasion in breast cancer and glioma 
cells (Da Costa et al;. 2014 Kashuba et al;. 2013 Nicoletti et al 2014). 

 

 

Figure 1.1: Schematic diagram of the Kallikrein-Kinin system (KKS) metabolic 

cascade.  

 

Plasma and Kallikrein-related peptidases are secreted as zymogens and become activated 

by proteolytic cleavage. They act on high molecular weight (HK) and low molecular weight 

(LK) kininogens to generate bradykinin (BK) and kallidin, which act through the B2 

receptor (B2R). BK is generated from kallidin by the action of an arginine aminopeptidase 

(AAP). These peptides can be further processed to their des-Arg metabolites by the 

kininases carboxypeptidases (kininases I). The Des-Arg kinin binds to the B1 receptor 

(B1R). Kinins are rapidly inactivated mainly by angiotensin converting enzyme (ACE, 
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kininase II). Bradykinin receptor stimulation through kinin is involved in diverse 

(patho)physiological processes, such as for example control of blood pressure, inflammation 

and cancer. 

 

1.2 Glioblastoma Multiforme  

Glioblastoma (GBM) are high-grade malignant gliomas (WHO grade III and IV), 
characterized by fast proliferation, migration and invasiveness, as well as high resistance 
against treatment (Louis et al. 2016). GBM are diffuse tumors that infiltrated its 
microenvironments and stromal cells, such as astrocytes, microglia, and inflammatory cells 
(Quali and Joyce, 2017), required for tumor growth, and endothelial cells during the 
angiogenesis process (Hardee and Zagzag 2012). This process is partly dependent on tumor 
cell derived cytokines, IL-1β and TNF-α that trigger expression and activity of the B1R, 
thereby having impact on the microcirculatory tumor system (Hardee and Zagzag 2012). 
In the central nervous tissue, the B1R also appears to modulate the permeability of brain 
tumors (Cote et al. 2012). 

The high-grade glioma rarely metastasizes, neither through lymph vessels nor the 
hematological system. However, glioma cells invade normal tissue surrounding the tumor, 
and this is one of the main challenges for a more effective treatment (Rao 2003). Moreover, 
the intra-tumor genetic heterogeneity emerged from the dynamism of clonal selection 
processes within spatially distinct niches, allowing glioma cells to escape from conventional 
chemotherapeutic and radiological treatment (Bougnaud et al. 2016). Similarly, 
radiotherapy was shown to enrich for stemness genotypes and phenotypes in some tumor 
subpopulations, which cause tumor resistance and propagate disease progression (Mohr, 
Zänker, and Dittmar 2015). Likewise, the recruitment of brain tumor-derived MSCs has 
been associated with brain tumor heterogeneity (Behnan et al. 2013).  

The presence of a heterogenic population is one of the hallmarks of GBM that can be 
promoted to one of the four different tumor subtypes- proneural, neural, mesenchymal and 
classical, according to The Cancer Genome Atlas (TCGA). These have been defined by 
genomic characteristics, survival length, patient age and treatment response (Verhaak et 
al., 2010). Interestingly, a comparison of the differentially regulated genes in the GBM cell 
lines with that of GBM tumor tissue transcriptome data (derived from TCGA) gave a 
genome concordance of ~73%, suggesting that the transcriptomes of the GBM tumor and 
tissue cell lines closely resemble (Patil, Pal, and Somasundaram 2015). In contrast, 
attempts to detect comparable transcriptional subtypes in immortalized cell lines were 
uninformative, as described from TCGA (Verhaak et al. 2010) 

Mutations in characteristic genes following the TCGA classification were checked and 
cross linked with the genomic information of the exon sequences U87 and U373 from whole 
genome sequencing, as described by Patil et al., (2015) (see Table 1.2). We found a hybrid 
subtype classification.  Both cell lines present proneural and mesenchymal gene mutations. 
The U87 cell line presents mutation in NF-1 and RB genes, similar as observed in tissue 
samples from mesenchymal subtypes and mutations in PDGFR, PDGFRA, PI3KCA and 
TP53 genes, like those observed in tissue samples from proneural subtypes according to 
the classification from Verhaak et al (2010). Moreover, the U373 cell line had a mutation 
in PTEN and RB genes similar to the one observed in tissue samples from mesenchymal 
subtypes and PDGFR, PDGFRA, PI3KR1, TP53 genes, such as observed in tissues 
samples from proneural subtypes (Table 1.2).  
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Table 1.2: Frequently mutated genes of GBM subtypes observed in cell lines.  

 

 
The recent work from Patel et al 2014 showed by single cell PCR analysis across RNAseq 
from primary GBM samples that these have a higher hybrid state, and highlights intra 
tumoral heterogeneity. The group found several GBM subtype mutations in tumor samples 
of a single patient (each sample obtained from a single cell). Tumor heterogeneity poses a 
major challenge in cancer diagnosis and treatment. Single cell analysis allowed to determine 
the highest heterogeneity inside the tumor and validates the cell line as a good model for 
evaluation of heterogeneity. Cells do not follow the genetic subtype classification, but show 
a hybrid genetic cell statement (Patel et al. 2014; Patil, Pal, and Somasundaram 2015).  

Although it is widely accepted that most cancers exhibit some degree of intra-tumor 
heterogeneity, the dynamics that characterize the tumor subpopulations interactions are 
still not well understood. There is growing evidence suggesting that various subclones of 
cancer cells develop in competition with each other during cancer progression (Barber, 
Davies, and Gerlinger 2015; Zellmer et al. 2014). Lately, this approach was modified, and 
scientists now see this behavior not so much as competitive, but as cooperative, regarding 
the subclones that can influence disease progression (Tabassum and Polyak 2015). It is 
thus generally recognized that tumor cell heterogeneity is a very dynamic state of the 
neoplasm, with subpopulations that are appearing and subsiding during tumor progression 
and in particular as a response to altered tumor cell microenvironment.  

1.3 Mesenchymal Stem Cells   

Mesenchymal stem cells (MSCs) are non-hematopoietic stromal cells that are capable of 
differentiating into different  cell lines, and contribute to the regeneration of mesenchymal 
tissues, such as bone, cartilage, muscle, ligament, tendon and adipose tissue (Chamberlain 
et al. 2007). They provide a promising tool for cell therapy in regenerative medicine (Ishii 



6    Chapter 1. Introduction  

et al., 2005). In addition to the release of immuno-modulators, MSCs directly suppress the 
activation of immune cells through cell-cell contact (Appaix 2014). Moreover, it has been 
noted that MSCs induce the anergy of T cells by downregulation of CD80 and CD86 
expression on antigen presenting cells (Augello et al. 2005). MSC-promoted regulation of 
the immunological system affects the release of various modulatory factors that regulate 
inflammation, cell death, angiogenesis, fibrosis and tissue regeneration (Baglio, Pegtel and 
Baldini 2012). However, the controversial effect of interaction between MSCs  and gliomas 
has been reported to promote tumor growth, invasion and chemoresistance (Melzer, Von 
Der Ohe, and Hass 2018; Bahnan  2013 ; Del Fattore et al. 2014).  

MSCs are employed for tissue regeneration in various clinical studies and are known to 
be attracted to sites of injury and inflammation (reviewed by Chen, 2013). Upon tumor 
infiltration, MSCs become part of the heterogeneous tumor microenvironment and 
participate in regulation of tumor progression. Whether  MSCs promote or suppress tumor 
progression,  is a controversial issue (Baglio, Pegtel, and Baldini 2012; Z. Li, Fan, and 
Xiong 2015). For instance, modified MSC used in GBM for expressing a single chain 
antibody to EGFRvIII promoted tumor growth inhibition (Balyasnikova et al. 2010). 
However, MSCs have also been reported to be involved in tumor progression (Yoon et al. 
2016). Recently, it has been proposed that pro-inflammatory stimuli can be decisive in 
driving MSC polarization into cells with either tumor-supportive or tumor-repressive 
phenotypes, named MSC1 and MSC2 (Bracellos de Souza, 2014). Thus, elucidation of the 
dual roles of MSCs in glioma microenvironment is a prerequisite for any clinical 
applications (Yagi and Kitagawa 2013). 

The molecular mechanism of paracrine interactions between bone marrow-derived 
MSCs and established GBM cell lines has been studied previously (Motaln et al., 2011). 
The cross-talk between both cell types in the indirect co-culture resulted in alterations of 
expression patterns of over 500 and 300 genes in MSCs and GBM, respectively. These were 
most likely responsible for the impairment of GBM growth and invasion, which was most 
likely hindered by enhanced expression of cell adhesion-related genes in GBM cell line. 
Thus, in direct co-cultures of these cells in vitro, Schichor et al., (2012) demonstrated that 
GBM cells display signs of functional as well as structural syncytium formation with MSCs, 
enabling direct molecular exchange. 

1.4 Targeting Kinin Receptors for Cancer Therapy  

In recent years, the understanding of the roles of bradykinin in cancer therapy has 
significantly improved. Kinin receptor antagonists have shown their efficacy in blocking 
tumor progression in preclinical and clinical studies. The Food and Drug Administration 
(FDA) has recently approved a request by Investigational New Drug (IND) for the clinical 
evaluation of B9870 as a tool for lung cancer treatment (Stewart et al., 2002). B9870 is a 
potent dual B2R and B1R antagonist with excellent antitumor activity in vivo. Dual B1R 
and B2R activation controls permeability of the blood brain barrier, and therefore this 
compound may be important for drug delivery, such as carboplatin, to the tumor site. 
Carboplatin has been proven to be effective in the rat glioma model F98 (Cote et al. 2012). 
However, in a random phase II study, where patients with glioma were treated with 
carboplatin with and/or without RMP-7,  a B2R agonist of B2R, no improvements of 
carboplatin efficacy were registered (Whalley et al. 2012). Thus, the continuation of 
investigating the role of kinins in tumor progression (da Costa et al. 2014) and 
identification of the factors, which influence the effectiveness of kinin receptor antagonists 
and agonists, will be important for future therapeutic approaches.   
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1.5 GBM-MSC Cell-Cell Interaction   

Recent advances suggest that comprehension of factors, such as tumor cell plasticity, the 
so-called “genetic noise”, micro-environmental signaling and physical cues from the 
extracellular matrix are crucial for understanding cancer biology (Brock, Krause, and 
Ingber 2015). In addition to ECM and structural variations in the local tumor environment, 
diverse types of cells within the stroma contribute to tumor phenotypic differentiation 
(Patel et al. 2014). This becomes even more complex, considering simultaneous switches in 
stromal cell phenotypes. For instance, cytotoxic macrophages (M1) can switch to tumor 
growth induction by promoting M2 states depending on hypoxic environment, metabolic 
conditions and presence of chemokines (Bergamin et al. 2015). Similarly, and actually 
related to our study, bone marrow-derived mesenchymal stem cells (BM-MSC) switch from 
immunosuppressive to immune supporting cells, when infiltrating the tumors, as a 
consequence of Toll receptor priming upon interactions with T reg cells (Gwendal and 
Paula Y 2016). By the same token, immunomodulatory MSCs, being highly attracted by 
the tumor cells (Hass and Otte 2012; S. M. Kim et al. 2015; Melzer, Yang, and Hass 2016), 
play important roles in tumor microenvironment (Motaln and Turnšek 2015; Rhee, Lee, 
and Eom 2015). 

Communication between cancer cells is an important issue for clonal cooperation as 
stated by Tabassum and Polyak 2015.  Further, cooperation between tumor and stroma 
(i.e. the heterogeneous cellular cross-talk within the tumor microenvironments) results from 
paracrine and juxtacrine interactions. In paracrine interactions, the effects are caused by a 
set of diffusible factors, such as chemokines, that stimulate the growth of one or both 
populations, whereas in juxtacrine interactions shorter distances between the cells permit 
direct signaling (Figure 1.2). Complex interactions between various cell types in general 
create a potentially favorable environment for tumor growth stimulation (Quail and Joyce 
2017; Skog et al. 2008). 

In addition to inter-tumor interactions between tumor and stromal cells, extensive 
literature has demonstrated that tumor cell subpopulations are heterogenous, termed intra-
tumor heterogeneity. For example, one sub-clone might secrete angiogenic factors to 
enhance blood vessel formation and nutrients and oxygen uptake, whereas the other is 
more invasive. In addition, collaborative crosstalk among multiple subpopulations may 
occur also through paracrine and juxtracrine effects, or it could also be an indirect outcome 
of micro environmental remodeling (Patel, 2014). 

In this project, we have focused on investigating: (I) how GBM and MSCs can affect 
each other regarding proliferation, invasiveness and differentiation, and (II) understanding 
the role of kinin receptors in cellular cross-talk upon co-culture condition. Therefore, we 
divided this work into several chapters. In Chapter 2, we report the characteristics of B1R 
and B2R protein expression. We have also detected the activity of these receptors in direct 
and indirect co-culture and function of stimulation by bradykinin (BK) on expression of 
these receptors.  In Chapter 3, we aimed to understand the mechanisms of B1 receptor 
activity in cell growth, invasiveness and cell fusion events. In Chapter 4, we discovered 
that after direct co-culture, a cross-talk following stimulation by bradykinin occurred 
involving kinin-B2 and B1 receptors, resulting in increased GBM cell drug resistance, 
survival rate and reversal of epithelial-to-mesenchymal transition.  
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Figure 1.2: Schematic model of cell-cell interactions affected by kinin receptor action 
(paracrine, juxtracrine) involving variability of cells and altering the tumor cell 
microenvironment.  
   

1.6 General Objective   

The aim of this thesis was to define the roles for kinins in established GBM cell lines (U87, 
U373) and MSCs (bone marrow derived clones MSC2, MSC4 cells). Secondly, we aimed to 
elucidate the interplay between kinins and their receptors in complex GBM/MSC 
interactions, studied by several methodologies in co-cultures and compared to 
monocultures. 

 
Specific objectives and methodological approaches:  
1. Expression patterns (at mRNA levels) of selected kinin and protease signaling related 

genes were measured by quantitative RT-PCR.  
2. Protein expression of the selected genes B1BKR, B2BKR, MMP2, MMP9, MMP14, 

CD90, CD29, CD105 and F-actin were revealed by specific antibody labelling and 
subsequent analysis by flow cytometry and immunofluorescence microscopy. 

3. In the cell mixture of GBM/MSC of 1:1 cell ratio, vs monocultures, expression patterns 
of kinin receptors (B1R, B2R), cell invasion/migration related genes (MMP9, MMP2, 
calpain-1 and 2, cathepsin L and B, UPAR) and epithelium-to-mesenchymal transition 
related genes (TGF-b, Vimentin, Snail, CD44) were validated using qPCR-real time 
techniques.  

4. Morphological and phenotypic characteristics, such as cell growth (proliferation), cell 
cycle distributions, senescence, migration/invasion and cell differentiation and fusion 
events were validated by cell counting, MTT, MTS, flow cytometry, ICC and 3D 
matrigel invasion/migration, 
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5. Validation of kinin receptor (B1R an B2R) activities was performed by inhibiting 
receptor signaling using selective agonists and antagonists of B1R and B2R and 
measured by calcium imaging.  

6. Effects of kinin signaling on the phenotype changes were measured: 
6.1. Effects of agonists and antagonists of the kinin-B2 receptor, bradykinin and HOE-

140, respectively, and of the kinin-B1 receptor, des-arg9-bradykinin and R715, 
respectively, on viability / and differentiation of GBM and expression patterns of 
EMT genes was measured. 

6.2. Calcium imaging was performed with agonists and antagonists cited in 3.3.1. to 
verify kinin-specific receptor activities under varying experimental conditions. 
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������������	
���
���
�
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������������	
���
���
�
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Supplementary Figure S1. Time lapse imaging of U87dsRed/BM-MSCDiO co-culture shows  

entosis, cell fusion and vesicle transfer after 48h. (A) Demonstration of the steps of process,  

similar to entosis of a BM-MSC DiO (green) and U87dsRed cells (red), following cells fusion event. 

(B)The time lapse demonstrate the steps of nuclear fusion. Fused cells progressively fuse the nuclei 

exhibiting a combined yellow staining marked by arrows. BM-MSC also secrete 6 large vesicle (in 

green) marked by a circle.  



 

 Supplementary Figure S2. Dot-plots of U87dsRed/BM-MSCDiO and U87dsRed/AT-MSCeGFP 9 co-culture shows cell fusion and vesicle 

transfer after 24h and 72h treatment with  R715. Cell-cell interaction of U87 dsRed cell, BM-MSC DiO and AT-MSCeGFP were measured by flow 

cytometry. The representative dot-plots of control or treatment with R715 after 24h 12 and 72h are presented. 



45 

Chapter 4 

4 Bradykinin Induces Epithelial-to-

Mesenchymal Transition, Enhancing 

Invasion of Glioblastoma Cells in Co-

Cultures with Mesenchymal Stem 

Cell    

Mona N. Oliveira1,2,3,  Micheli Pillat1, Tamara T. Lah2,3 and Henning Ulrich1 
 
1 Department of Biochemistry, Institute of Chemistry, University of São Paulo, Av. Prof.  
Lineu Prestes 748, São Paulo - SP, 05508-000, Brazil 
2 Department of Genetic Toxicology and Cancer Biology, National Institute of Biology, 
Večna pot 111, 1000 Ljubljana, Slovenia; 
3 Jožef Stefan International Postgraduate School, Jamova 39, 1000 Ljubljana, Slovenia  
 

 
 
Manuscript in preparation 
 

  



46   Chapter 4. Bradykinin Induces Epithelial-to-Mesenchymal Transition, Enhancing Invasion of 

Glioblastoma Cells in Co-Cultures with Mesenchymal Stem Cell  

Abstract 

Glioblastoma (GBM) is the most common primary tumor of the central nervous system 
and is highly aggressive with a median survival of about 15 months. Pronounced tumor 
intra- tumor and inter- tumor heterogeneity, as well as cancer (stem) cells’ plasticity create 
obstacles to efficient treatment of glioblastoma patients. Tumor progression involves 
interactions between cancer cells and exogenous components, including various types of 
stromal cells recruited to the tumor.  Among these are mesenchymal stem cells that 
contribute to the tumor microenvironment. The mutual interactions among mesenchymal 
stem cells various subpopulations of cancer cells is still not sufficiently understood.  

In this study we aimed to compare the effects of bone-marrow-derived mesenchymal 
stem cells (MSCs) on two glioblastoma U87 and U373 cells in direct co-cultures, modestly 
modeling heterogeneity of glioblastoma. The interactions among these cells was addressed 
in the in-vitro two-dimensional (monolayer) and three-dimensional (spheroid) co-cultures. 
The U87 cells expresses higher levels of bradykinin receptor1 (B1R) than U373 cells and 
their migration/invasion was greatly enhanced by the agonist bradykinin (BK), but 
blocked by B1R antagonist (R715) and B2R antagonist (HOE) alone and when co-cultured 
with MSCs. BK receptors’ activation correlated with significantly higher U87/MSC cell-
cell interactions (heterotypic fusion, vesicle transfer and enosis. i.e. “cell cannibalism”. 
Furthermore, the kinins triggered invasion, F-actin expression as well as epithelial-to-
mesenchymal transition genes’ expression in U87 cells upon U87/MSC co-cultures. After 
treatment with both kinin receptors antagonists the invasion of U87 was significantly 
reduced.  Altogether, these data support the on-going investigations of kinin receptors B2R 
and B1R as targets for adjuvant approach in glioblastoma therapy. Secondly, our results 
emphasize the need for further careful investigations of MSCs as potential candidates for 
cancer therapies, as they may adversely affect different cancer cell-subtypes, also depending 
on the levels of kinin/kinin receptors system. 
 

Keywords: Bradykinin, Kinin Receptors, Epithelial-to-Mesenchymal Transition (EMT); 
Glioma, Mesenchymal Stem Cells.  

4.1 Introduction  

Glioblastoma (GBM) is characterized as most aggressive stage of glioma (WHO grade IV), 
mostly due to cooperative interactions among genetically distinct subclones, including the 
GBM stem cells, presenting barriers to effective therapy. Four genetically distinct subtypes: 
neural, proneural, classical and mesenchymal have been characterized (Verhaak et al. 
2010), the latter being most invasive with the shortest survival rate of patients. Our 
previous work suggested that the standard GBM cells models used in vitro, comprising the 
U373/U251 and U87 cells, differ and that U373 is representing more mesenchymal, whereas 
U87 expresses more neuronal/proneural characteristics (Breznik et al. 2017). Motaln et al. 
(2015) reported that indirect interactions between these two heterogonous GBM cells 
resulted in enhanced drug resistance. The authors showed that their cross-talk altered the 
expression 264 genes in U87 cells that are associated with proliferation, inflammation, 
migration, and adhesion, and 221 genes in U373 cells that are associated with apoptosis, 
the cell cycle, cell differentiation and migration. Indirect and direct co-culturing of U87 
and U373 cells showed mutually opposite effects on temozolomide resistance. Furthermore, 
Breznik et al (2017) first pointed on U87 and U373 cell-type-specific responses to bone-
marrow derived mesenchymal stem cells (MSCs). In 2D and 3D direct co-cultures MSCs 
inhibited the invasion of U87 cells and enhanced the invasion of U373. MSC-enhanced 
invasion of U373 cells was assisted by overexpression of various invasion associated 
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proteases, such as cathepsin B, urokinase plasminogen activator (u-PA) and 
metalloproteases (MMP 2 and MMP 9). 

These data suggest that tumor infiltrating cells, the so called “stromal cells”, such as 
fibroblasts, macrophages, endothelial cells, pericytes and immune cells crucially change 
tumor microenvironment. (Quail and Joyce 2017; Zarkoob et al. 2013; Melzer et.al 2016). 
Among these, mesenchymal stem cells, also termed mesenchymal stromal cells, have special 
role as they can transdifferentiate into tumor-associated fibroblasts (TAF), pericytes, and 
possibly even to GBM stem cells (reviewed in Apaix et al. 2014). As glioma cells, as well 
as MSCs differentially express connexins, Schichor et al. (2012) speculated that they 
interact via gap-junctional coupling and found that besides this so-called functional 
syncytium formation cell fusion events, i.e. structural syncytium formation is enabled. On 
the other hand, MSCs play an important immunomodulatory role, producing and secreting 
a plethora of cytokines (Motaln et al, 2012; Motaln and Lah 2016;  Behnan et al. 2013) 
and  exchange these with cancer cells, either directly or via extracellular vesicles (EVs) 
(Baglio et al. 2012; Del Fattore et al. 2014). As MSCs have inherent tumor-trophic 
migratory properties,  and have been indeed engineered to express anti-proliferative, pro-
apoptotic, anti-angiogenic agents, they may serve as vehicles that specifically deliver and 
target different cancer types ( Sasportas et al. 2009;  Shah et al. 2012; Li et al. 2015).  

Among the pro-inflammatory mediators, the kallikrein-kinin system plays a special role 
in tumor microenvironment. The endogenous kallikrein related proteolytic cascade, stating 
from plasma or tissue kininogens, results in the release of bioactive kinins (bradykinin and 
kallidin). Kinins are involved in many pathophysiological processes, such as regulation of 
blood pressure, renal and cardiac function acute and chronic inflammation Stewart et al. 
2002) as well as cancer(Kashuba et al. 2013), including glioma (Uchida et al. 2002 ;  Seifert 
et al. 2014). Kallikrein-kinin system activities are mediated by two cell membrane 
bradykinin receptors type 1 (B1R) and type 2 (B2R) receptor, which convey different 
pharmacological effects. The B2R is activated by bradykinin and kallidin, obtained by 
cleavage of low and high molecular weight kininogens, whereas B1R is activated by its 
metabolite, originating from the kinin cleavage of the Arg C-terminal by  type I kinases 
(carboxy peptidases (Zhang et al. 2012) )  that release des-Arg9-bradykinin and des-Arg10-
kallidin (Maurer et al. 2011). In contrast to the B2R, which is expressed in a wide variety 
of cells and tissues, the B1R is poorly expressed under normal conditions, but can be 
induced in vivo and in vitro by endotoxins, cytokines and growth factors, indicating specific 
roles in pathological processes (Tidjane et al. 2015).  

Pillat et al. (2014) have previously shown that both B1R and B2R are expressed in U87 
cells and in MSCs and that in indirect and direct U87/MSC co-cultures, B1R gene and 
protein increased this being correlated with their enhanced invasiveness via induction of 
metalloproteases. Later, we demonstrated differential responses of U87 and U373 GBM 
cells to MSC in terms of cell proliferation, cell cycle and in heterotypic cell-cell interaction 
(Oliveira et al. 2018). B1R agonist des-Arg9-BK stimulated only U87/MSC, but not 
U373/MSC mixed spheroids and increased migration/invasion of U87 cells. We think that 
this is most likely due to significantly lower BR1 expression in U373 cells. Here we aimed 
to further investigate the role of bradykinin in two GBM cell models U87 (transfected with 
Red-ds) and U373 (transfected with eGFP) cells, that were co-cultured with bone marrow 
and adipose MSCs to determine the mechanisms of invasion and of previously suggested 
co-stimulation effects between B1R and B2R (Pillat et al. 2014). We proposed here that 
upon activation of BR signaling with kinin agonist and antagonists, these had an impact 
on cell invasion via an epithelial-to mesenchymal –like cell transition. 

4.2 Results   

Bradykinin receptor agonists and antagonists affect cell viability in 
glioblastoma cell and in their cultures with mesenchymal stem cells.  
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The effects of increasing doses of antagonists of B1R (R715) and B2R (HOE140) in the 
mono and co-culture conditions was measured at increasing (1nM, 3nM, 30nM and 100 
nM) concentrations in the absence of fetal bovine serum (FBS) after 3 days cultures by 
the MTT assay (Figure 4.1.A). Glioblastoma cells were not significantly affected by 
HOE140, but the R715 significantly decreased the viability of do 50% in the dose dependent 
manner, whereas both antagonists decreased MSC viability down to 70-80%. In the co-
cultures, the cytotoxic effects of antagonists were not significant both in 2D and 3D cultures 
(Figure 4.1.B), most likely due to due to lower exposure of bradykinin receptors on cell 
surfaces, or a possible induction of drug-resistance mechanisms such as gp180/MDR 
proteins activation upon co-cultures (Delphine et al. 2015). Interestingly, treatment of 
monocultures with agonist BK for 5 days significantly increased proliferation (Figure 
4.2.B). However, in the co-cultures, there was no such proliferative effect observed by BK 
treatment, indicating more on the lack of receptors’ availability to ligands’ binding in the 
co-cultures (Figure 4.1.C,D), as also observed with antagonists binding (Figure 4.1.B). 

 

Figure 4.1: The effects of kinin receptors’ antagonists and agonists on cell viability. 
A) Cell viability in 2D cell cultures treated with kinin antagonist (HOE140 and R715) 

at 1 nM, 3 nM, 10 nM and 100nM for 72h of U87 and U373 and MSC monocultures 
in the absence of FBS, as determined by the MTT assay, as described in Methods.  
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B) Cell viability of U87/MSC and U373/MSC co-cultures, treated as above (A). 
C) Cell viability of 3D spheroids after treatment with agonist (at 100 nM BK) and 

antagonist (HOE140 at 100 nM) for 1, 3 and  5 days of U87 and U373, and MSC 
monocultures,  determined by the  MTS assay, as described in Methods.  

D) Cell viability of U87/MSC and U373/MSC co-cultures, as described under C). One-
way analysis of variance was performed following Bonferroni's multiple comparison 
Test. P value*<0.05. Two-way analysis was performed following Bonferroni's 
multiple comparison Test.  P# value <0, 05 and ### <0.0001 is representative 
of three independent experiments.  

 
Activation of B1R and B2R receptors in glioblastoma cells and when co-
cultured with mesenchymal stem cells. 
 
We examined the intracellular calcium oscillations after bradykinin and antagonists HOE 
and R715 treatment under different experimental conditions (monocultures and co-
cultures) of U373 and U87 cells, using calcium image, which shows cytosolic calcium 
concentration transients (∆[Ca2+]i) after treatment with agonist bradykinin (100 nM) 
(Figure 4.2.A). Figure 4.2.B presented the wave of excitation in the monocultures of U87, 
U373 cells, which after 1 min returned to the desensitized state. However, it was only in 
the U87/MSC co-culture, where the formation of an excitatory plateau was observed, which 
was extended for over 2 min with amplitudes similar to that of the monoculture. To confirm 
the presence of co-stimulation of both receptors, as previously reported by Zhang et.al. 
(2018), a second experiment, using the antagonist to B1R and B2R was performed. The 
results showed strong evidence that there is a co-stimulatory effect of B2R and B1R, since 
BK is rapidly converted in DBK (Figure 4.2 C). The ∆[Ca2+]I of calcium observed in 
monoculture conditions is a typical B2R response. Furthermore, the ∆[Ca2+]I observed in 
the co-culture agrees with a response profile of type B1R co-stimulation and it is only 
reduced to that observed in U87 and MSC monoculture after R715-antagonist treatment. 
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Figure 4.2: Activation of B1R and B2R after bradykinin treatment in U87/MSC co-

culture.  
A) The intracellular calcium flow vs time were monitored by calcium image in live 

cells after stimulation with bradykinin.  
B) Calcium imaging wave plots of U87 cells (red line) and U373 cells (green line) in 

mono culture (right panel) and in U87/MSC and U373/MSC co-cultured cells 
(middle panel). Representative images of calcium intracellular detection after 
bradykinin.  

C) Effect of B2R antagonist (HOE140 at 100nM) and B1R antagonist (R715 at 
100nM) treatment on the calcium wave in U87 cell, U87/MSC cells and in MSCs. 
The intracellular calcium levels were monitoring by calcium image. One-way 
variance analysis was performed following Bonferroni's multiple comparison test. P 
value*<0.05. Two-way analysis was Performed Following Bonferroni's Multiple 
Comparison Test. # P value <0, 05 and ## <0.001 is representative three 

C
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independent experiments.  
 

Mesenchymal stem cells trans-differentiation in co-cultures cancer-associated 
fibroblast formation.  
 
As our previous data showed that U87 cell lines interacted with MSC to about ten times 
much greater extent than U373, thus we have further investigated U87/MSC co-cultures. 
We have also previously reported that U87 dsRed cells acquired mesenchymal phenotype 
when co-cultured with MSC, reflected in the increased expression of mesenchymal-specific 
membrane markers, adhesion protein CD29 and MSC markers CD90 and CD105 in co-
cultures by flow cytometry that we interpreted either as U87 trans-differentiation or that 
the hybrid cell population that we have detected upon prolonged co-culture incubation 
induced the expressed of these markers. We used time-lapse microscopy of co-cultures 
compared to monocultures (Figure 4.3). Interestingly, co-cultures showed higher cell 
motility and interaction by formation of protrusion between U87 and MSC. The vesicles 
transfer between MSC cell and U87 was observed after 3-6h in both directions. Figure 4.3.B 
shows cell fusion event after 8h incubation between U87dsRed and MSCDiO-green-labeled 
cells, with nuclei visualized by Hoechst staining. Figure 4.3.C suggests cell cannibalism 
event, where a (green) MSC cell is internalized by the neighbor cell (U87). The nucleus of 
the host cell has been monitored to confirm the presence of the cannibalism. It is observed 
that the nucleus acquires a moon-like shape during cell internalization and is afterwards 
relocated, during vacuole formation, indicated by arrows (full lines: U87 host nucleus:  
dashed lines: MSC hosted cells) on Figure 4.3.C. Last, we analyzed the cell motility by 
monitoring cell angulations (directionality) by the local gradient variation of cell 
positioning during a specific timeframe as described in Methods, using the open source Fiji. 
3.0 software. The histogram shows the amount of cells that change positions during the 
time in the co-culture conditions and co-culture after treatment with antagonist HOE140 
and R715. When we treated these cells with antagonists HOE140 and R715 at (100nM 
final concentration) to inactivate both kinin receptors, there is clear a reduction of cell 
motility (Supplementary 5 video frame) and a reduction of the cell numbers that move to 
different angulations (Figure 4.3.D, left panel), indicating that these processes are mediated 
kinin receptors activities.  
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Figure 4.3: Cell-cell interactions and cell motility are reduced after –co-treatment with 

HOE140 and R715 of antagonists of U87/MSC cell co-cultures. 
A) Time-lapse microscopy of U87dsRed cells and MSC (non-labelled, grey) were pre-

cultured v for 3 days, (scale bar=25µm) for 8-6 hours observation. The arrows show 
ectosomes (vesicles) transfer between the cells.  

B) Time-lapse microscopy of U87dsRed and MSC (stained DiO green) pre-cultured for 
3 days, shows the cell fusion process (scale bar=25µm) within 1-6 hours.  

C) Time-lapse of U87dsRed cells and MSCeGFP (nucleus) pre-cultured for 3 days, 
arrows shown the suggesting entosis, i.e. cell cannibalism processes (scale 
bar=15µm). 

D) Directionality histogram of cell motility in the area was measured as described in 
Methods. Local gradient analysis was used to calculate the number of cells in a 
certain direction (angulations°). The points were monitored along the time scale, 
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and the plot presents the cells number in known angulations and the angulations 
variation along time. 

 

Bradykinin activity affected F-actin expression and promoted the cell-cell 
interaction.  
 
For further investigations of the cell-cell interaction fate and the relevance of kinins in this 
process, we evaluated the F-actin expression after co-culture and treatment with kinin 
receptor agonists and antagonists using immunocytochemistry and flow cytometry assay. 
Figure 4.4.A shows the higher induction of F-actin expression after co-culture for 3 days 
(see also supplementary data 6 ICC image). In U87 monoculture, where 27% of cells 
expressed F-actin, increasing by about 2-3-fold in U87/MSC co-cultures. Bradykinin 
treatment increased F actin expression in co-cultures by about 20%, being reduced after 
treatment with HOE140 and by more than 50% after treatment with both antagonists 
(HOE140 and R715) (Figure 4.4.B, C). This result demonstrates the relevance of co-
stimulation between od both B1R and B2R for regulation of i F-actin expression. F-actin 
bundled is crucial for lamellipodia formation on the periphery of the cell, the most 
prominent cytoskeleton structure that drives cell locomotion (Johnson et al. 2015). These 
results show that bradykinin plays an important role in cell-cell interaction trough F-actin 
expression, which affects various processes, related to cell movements (Kozma et al. 1995).  

 

Figure 4.4: Bradykinin-mediated up-regulation of F-actin  
A) Representative immunocytochemistry images of F-actin expression, labelled by 

antibodies and stained by Phalloidin Alexa Fluor 488) in U87 monoculture and 
U87/MSC co-culture and MSCs in the control and treatment condition, using 
BK=bradykinin,HOE140, and HOE140 R715) after 3 days in green and Ds RED, 
where nuclei are stained by Hoechst blue (scale bar= 100 µm). 

B) Quantification of mean fluorescence intensity measured by Fuji software image 
analysis 3.0 of images generated from three experiment, (left panel) representative 
histogram of F-actin positive cells (phaloidin-647nm light emission), as determined 
by flow cytometry analysis of U87 cell and U87/MSC co-cultured cells after 
treatment with bradykinin (BK), HOE (HOE140) and HOE+R715. 
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Bradykinin induced the epithelial to-mesenchymal transition genes’ 
expression and enhanced invasion in U87 cells and U87/MSC co-cultures. 
 

Due to pronounced effects of kinin system on F-actin, we hypothesized that the BK would 
enhance invasion of U87 cells in monocultures and in co-cultures (U87/MSC) after 
treatment with BK. The glioblastoma U87 were grown in cells 3D spheres, covered with 
Matrigel and the area of cell invasion were measured over time. BK increased the invasive 
potential of U87 cells, and showed that the co-culture after 7 days was more invasive than 
the monoculture (Figure 4.5.B). The B2R inhibition by HOE140 reduced invasion by 40% 
compared by BK treatment (Fig. 5.B). To reveal the mechanism, underlying the enhanced 
F-actin induction, leading to enhanced invasion, we separated the U87 cells from co-
cultures, using with the media supplemented with geneticin (G418) at 2 mg/ml to select 
for U87dsRed cells only as only those cells contain the Neo resistance cassette in their 
genome, but   eliminate MSCs. On the 4th day the surviving cells out of U87dsRed 
monoculture and U87/BM-MSC co-culture were collected and mRNA was extracted. The 
genes related to EMT were determined by RT-PCR in U87 mono- and co-cultures, the 
latter selected and separated from MSC in co-cultures (Figure 4.5.C, left panel). To reveal 
if the BR1 and BR2 receptors activation was playing a role in EMT genes induction, we 
treated the U87 monocultures and co-cultures with bradykinin, HOE140 and R175 (Figure 
4.5.C right panel). Taken together, these results show that bradykinin triggered the EMT 
genes’ expression and invasion (Figure 4.5.B) under both culture conditions.  The 
activation by bradykinin is inducing vimentin, CD44, Snail and TGFß in U87 cells alone 
(see first three bars) and even more in U87, separated from co-cultures (last three bars) 
all, being hindered by HOE140 alone and HOE140 and R175 treatment.  
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Figure 4.5: Bradykinin trigged invasion by upregulation of EMT-associated genes 

expression in U87 cell monoculture and co-cultures.   
A) Spheroids were prepared either from U87dsRed, and U87/MSC co-cultures in 1: 1 

ratio, embedded in Matrigel as described in Methods. Representative images of U87 
and U87/MSC mixed spheroids were taken after 1, 2, and 3 days at 4x 
magnification. Initial invasion area and spheroid area were measured with the NIS-
element v 2.13 software (Nikon Corporation Ltd.).  

B) Invasion (%) was calculated according to the equation (  X area initial area T0 / 
100) tx = mean time of the day were collected measure, T0 = mean area of 
migration sphere day 0. One-way analysis of variance was performed following 
Bonferroni's multiple comparison test. P value*<0.05. Two-way analysis was 
performed following the Bonferroni's multiple comparison test. *** P value <0.0001 
is representative of three independent experiments.  

C) Total RNA was isolated from 2D monolayer mono-cultured U87 cells and from U87 
cells isolated from mixed co-cultures after geneticin selection (U87/BM-MSC) with 
medium (control) or after treatment with bradykinin (BK), HOE140 and 
HOE140+R715 using the Trizol reagent. The relative quantification of gene 
expression levels of B2R, Vimentin, CD44, Snail, TGFβ and GADPH were carried 
out using real-time PCR, as described in Methods. 
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4.3 Discussion   

Tumor microenvironment is becoming increasingly recognized to have substantial effects 
on tumor progression and thus new approaches, targeting the less resistant stromal cells 
are very attracting. Thus, interrupting the molecular crosstalk between glioma and brain 
parenchyma that is instructing histopathological features in GBM, may alter GBM cells 
response to its microenvironment (Bougnaud et al. 2016). We believe that targeting 
interactions between glioblastoma (GBM) cells and mesenchymal stem cells (MSCs) that 
have multiple effects on GBM progression is promising. 

Here, we focused on their impact on GBM –MSC crosstalk and proved that this is 
tightly associated with kinin/kinin receptors. Their signaling is present in normal brain 
and related mostly to blood brain barrier homeostasis and angiogenesis (da Costa et al. 
2012; Cote et al. 2014).  Bradykinin kinin B2 receptors (B2R) expression in glioma tissues 
correlated with the stage of malignancy (Montana and Sontheimer, 2014), whereas B1R 
expression was induced in GBM by high levels of inflammatory cytokines, produced by 
tumor infiltrating immune cells and MSCs. We have previously confirmed that both B2R 
and B1R are highly expressed in GBM U87 cells, but not in GBM U373 cells, and both 
receptors were also constitutively expressed in MSCs (Pillat et al. 2012) However, upon 
direct or indirect co-culture the MSC expression levels of both receptors were down-
regulated or not altered (Oliveira et al. 2018). 

The activation of the kinin B1 and B2 receptors resulted in the proliferation of U87 and 
U373 cells in monocultures, but not in co-cultures (Figure 4.1).  Our data on the effects of 
BR those by Lu et al (2010), demonstrating that upon the biding the ligands, DBK and 
BK, the B1R andB2R, respectively are increasing proliferation of GBM cell lines. Our 
results also demonstrate "co-stimulation" of the kinin-B1 and B2 receptors that is not due 
to their direct interactions, but rather by their signaling pathways crosslinking. Direct 
proof of the importance of communication between these two receptors was the reduction 
of invasion by the addition of two B2R and B1R selective antagonists, HOE140 and R175, 
respectively, although these have not totally block by the agonists. This may be due to the 
metabolic dynamics of bradykinin derivatives that may influence the communication 
between these two receptors (Barki-Harrington et al. 2003). Recently, various antagonists 
of both receptors have been used as promising tools for treating prostate cancer in clinical 
phase II (Whalley et al. 2012). However, the effects of kinins does depend on the type of 
cancer. It has been is observed, for example, that activation of the B1R suppresses growth 
of melanoma cells (Dillenburg-Pilla et al. 2013), while promoting the proliferation of 
estrogen-sensitive breast cancer cells (Molina et al. 2009). 

Additionally, kinin receptors, when activated, influence chemotaxis and tumor invasion. 
Both receptors are coupled Gq protein receptors activating phospholipase C (PLC)-
βyielding diacylglycerol (DAG) and inositol 1,4,5 triphosphate (IP3) and triggers Ca ions 
fluctuation. In U87/MSCs co-culture condition we observed a continuous release 
endoplasmic calcium ([Ca2+]i) release after stimulation with BK (Figure 4.2). Seifert et al 
(2014) reported that cytosolic calcium ([Ca2+] i) release directly stimulated glioma cell 
invasion, by inducing the formation of small bleb-like protrusions at their plasma 
membrane, resulting in contraction of the cytoskeleton, cytoplasmic flow and activation of 
Ca ions-dependent K+ and Cl− channels that stimulate an amoeboid phenotype of 
migration. The mechanism involves the ions fluctuations to reduce glioma cell to volume 
down to 33% of its original size, and remove free cytoplasmic water outside the cell via 
Cl− efflux (Thompson and Sontheimer 2016).  On the other hand, the increased motility 
of glioma cells may also result from B1R downstream signaling via PI3K/ Akt pathways. 
affecting the transcription factors c-Jun/AP-1, known to affect cell invasion and migration. 

Here we demonstrated that the BR1 signaling mechanisms is directly affecting the 
migration (Figure 4.3) by inducing the genes, associated with epithelial-to-mesenchymal 
transition (EMT). During this transition, the cells lose the epithelial morphology and gain 
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mesenchymal phenotype, such as spindle-like morphology and enhanced migratory 
capacity. EMT is triggered by major transcription factor TGF-β, and further by Snail1/2 
and ZEB that  regulated  the expression of membrane protein CD44 and cytosolic vimentin, 
and actin proteins (Dezso et al. 2014; Kalluri and Weinberg 2009; Gu et al. 2016). A shift 
towards the mesenchymal subtype appears to be a common pattern in cancer progression 
by which cancer cells acquire a more aggressive phenotype (Iwadate 2016) Similar to 
Bryukhovetskiy and Shevchenko (2016), we found that TGF-β is triggered in U87 cells by 
kinin agonists, whereas the antagonists prevented the EMT (Figure 4.5)  The BR1 
activation of EMT was highly increased in U87 after being co-cultured with MSCs and 
separates for the EMT-associated gene analyses.. On the other hand, MSC co-culturing 
alone was sufficient to enhance the invasion of mesenchymal GBM-subtype U373 cells, that 
express very low levels of bradykinin receptors (Oliveira et al., 2018). but express TGF-β 
responsive genes (Breznik et al., 2016). Presumably, these were triggered by MSC secreted/ 
transduced factors to become more invasive. However, the induced invasiveness of U87 
cells in mixed spheroids with MSC appeared to be delayed, up to between 4-7 days and 
this coincided with the appearance of heterotypic fusion events (see below). Taken together 
this data may suggest selective roles of bradykinin receptors in neural/proneural vs 
mesenchymal GBM subtype interactions with MSCs. In TH GBM microenvironment in 
vivo, inflammatory cytokines may enhance kinin production and thereby enhance 
neural/proneural GB invasion. By the same token, kinin receptors antagonists may be 
suggested as beneficial for a more individualized treatment of patients with this GBM 
subtypes. 

EMT alone may not be sufficient to be involved in tumors invasion and metastasis, as 
suggested by Sheng et al. (2015), showing that within a predominantly epithelial metastatic 
tumor, only a small proportion of tumor cells did undergo EMT. Notably, lung metastases 
mainly consist of non-EMT tumor cells that maintain their epithelial phenotype. However, 
we have shown that upon B1R activation, along with invasion  due to EMT transition, we 
observed changes in adherence (Oliveira et al. 2018) and cytoskeletal rearrangements, 
associated with highly upregulated levels of F-actin in U87 cell in the co-cultures, as it was 
completely inhibited only after the addition o its antagonist R175 to HOE140  (Figure 
4.A). As GBM cell invasion is associated  with cell extension of invadopodia/ lamellipoda, 
or microspikes (Hood and Cheresh, 2002);  Maiuri et al. 2015). Our data are well in line 
with previous reports on bradykinin as an important mediator for microspike formation in 
3T3 fibroblast (Kozma et al. 1995). We found much lower F-actin induction MSCs, as 
found by Kim et al. (2008). Cytosolic F-actin or microfilaments are able to undergo very 
fast polymerization and depolymerization dynamics. We observed that in most cells F-
actin filaments formed larger networks that are essential for other cellular processes besides 
cell motility, such as  cell division and cytokinesis, vesicle and organelle movement, cell 
signaling, and the establishment and maintenance of cell junctions and cell shape., the 
latter may also be the role of F-actin in U87/MSC co-cultures. Many of these processes are 
mediated by extensive and intimate interactions of actin with cellular membranes, where 
bradykinin receptors are localized.  

In addition to invasion, we have previously reported on heterotypic cell fusion and the 
formation of U87/MSC cell hybrids appeared within 3 days (Oliveira et al. 2018), as has 
also been first reported by Mercapide et al.  (2012). This process started with increased 
levels of adherence junctions, as described for U373/MSC by Schichor et al. (2012). 
Heterotypic cell fusion continued by U87 cells engulfing the MSC that increasingly invade 
upon co-cultures in various directions (Breznik et al. 2017), apparently also into the U87 
cells, where they were presumably degraded by lysosomal enzymes. Recently, similar was 
demonstrated and termed entosis, or “cell cannibalism” of MSC by in 3D co-cultures of 
breast cancer cells (Bartosch et al. 2015). According to Bartosch et al.  (2015) the MSC 
were mobilized from the bone marrow and migrated into the tumor environment.  
Furthermore, cell fusion of MSC by tumor cells would augment the liberation of pro-
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inflammatory factors and by the same token a plethora of other cytokines would induce 
expression of B1R.  

4.4 Conclusions 

Taken together, in this study we have shown that in mono cultures bradykinin stimulated 
glioblastoma cells U87 and U373, but had lower effects on MSCs cell viability. The co-
stimulation of kinin receptors B1R and B2R in U87 cells, but not U373 cells, in mono-
cultures and in co-cultures with MSCs highly induced transient [Ca2+]i influx. Bradykinin 
treatment also increased the locomotion and invasion of U87 cells alone and in particular 
in the mixed co-cultures what was associated with higher expression of F-actin protein. 
These processes were impaired by the BR2 antagonist HOE140 and even more so after also 
BR1 antagonist R175 was added. We demonstrated that U87 cells, separated after 
bradykinin-treated co-cultures with MSCs, induced the epithelial-to-mesenchymal 
transition the associated genes what was prevented by kinin receptors antagonists. A 
fraction of glioblastoma U87 cells in the co-cultures fused with MSCs, forming hetero-
hybrid cells. Accidental entosis events, i.e. cell cannibalism was observed, besides the 
extracellular vesicles transfer. 

Altogether, our study supports the notion of an important role of kinin receptor agonists 
and antagonists in regulating glioblastoma microenvironment with respect to MSCs 
infiltration. This supports the on-going investigation of kinin antagonists as candidates in 
the development anti-invasive agents for adjuvant glioblastoma therapy. Possible clinical 
applications of our findings confirmed previously suggested B1R as biomarker for targeting, 
a theranostic for cancer therapy. In addition, the present study also has important 
information to be taken into accounts for potential MSC therapy designs, providing 
mechanisms of their interactions with tumor cells. 
 

4.5 Materials and Methods 

4.5.1 Cell Lines and Culture Maintenance 

The U87 human GBM cell line was obtained from American Type Culture Collection 
(USA) and regularly authenticated, according to Torsvik et al. (2010). The dsRed-
transfected U87 cells (U87dsRed) were established as  described previously (Schichor et al. 
2012). Cells were grown in complete growth medium consisting of Dulbecco’s modified 
Eagle’s medium (DMEM) and supplemented with 10% fetal bovine serum (FBS), non-
essential amino acids, 4MmL-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin 
(Gibco). U87dsRed cells were routinely propagated in the medium with additional 
antibiotic 1mg/mL G-418 (Sigma-Aldrich). The cells were cultured at 37°C, in 5% CO2, 
and the medium was changed every 3 days. These cells were passaged after reaching 75% 
confluence and plated for culture maintenance at a density of 15000 cells/cm2.  

Human bone-marrow MSCs, derived from a healthy volunteer (clone MSC-2) were 
purchased from Lonza Bioscience Walkersville (Walkersville, MD, USA). After 
resuscitation, the cells were plated and grown in the same medium as the GBM cells, 
however, without the addition of antibiotic G-418. MSCs were passaged after reaching 75% 
confluence at a density of 7000 cells/cm2. Bone marrow (BM)M-MSC of passages 8-12, 
and U87/U87dsRed GBM cells of passages 40-58 were used in culture medium containing 
10% FBS. Adipose tissue derived MSCs (AT-MSCs) were isolated from healthy volunteers, 
as described by Kološa (PhD Thesis, 2016). Adipose tissue samples were collected from 
patients undergoing surgical removal of subcutaneous adipose tissue and the study was 
approved by the National Ethics Committee of the Republic of Slovenia (Doc. No.: 



4.5. Materials and Methods 59 

134/01/11). Isolation of AT-MSCs was performed according to the standard procedures 
(Mahmoudifar et al., 2010) with minor modifications. 
 

4.5.2 Two-Dimensional and Three-Dimensional Cell Co-Cultures 

For two-dimensional (2D) direct mixed cells co-cultures, GBM cells and MSCs: U87/MSC, 
U87dsRed/MSC, U373/ MSC, U373-GFP/MSC and U87dsRd/AT-MSC-GFP were plated 
into 6-well plates at 1:1 ratio and cultured for 1-7 days. For preparation of the three-
dimensional (3D) spheroid cultures (mono-spheroids, mixed spheroids), the GBM cells and 
MSCs were mixed in 1:1 ratio and seeded into 96-well U-bottomed plates (2.5 
×103cells/well; Corning, Life Sciences, MA, USA) in 200 µL complete DMEM growth 
medium containing 4% methylcellulose. The cells were centrifuged for 90 min at 850×g 
and left in culture for 1 day at 37°C under 5% CO2, to form one spheroid in each well.  
 

4.5.3  DsRed-Positive Cell Selection  

MSC were pre-loaded with DiO, and were seeded in monocultures or 2D co-cultures 
together with U87-dsRed cells for 8 days, with the medium change every 2 days. Control 
monoculture of U87dsRed and BM-MSC were set in parallel. On the 3th day, the media 
were changed for the medium supplemented with geneticin (G418) at 2 mg/ml to select 
for U87dsRed cells, as only those cells contain the Neo resistance cassette in their genome. 
On the 8th day the surviving cells in U87dsRed monoculture and U87/BM-MSC co-culture 
were collected with trizol to perform the Real time analysis. 
 

4.5.4 Cell Viability After Treatment With Agonists and Antagonists 

(MTT) 

The agonist bradykinin (BK) and the antagonist AcLys[D beta Nal7, Ile8] desArg9-
bradykinin(R-715) and HOE140 (both from Tocris, Fisher Scientific, Pittsburg, PA, USA) 
were added to the growth medium or matrigel of the 3D spheroids at final concentrations 
of 1 to 1000 nM. The spheroids were incubated with these for 24 h up to 168 h (7 days). 
The cells were incubated for 3 days in 96-well plates. The respective plate was removed 
from the incubator and the same added new medium with 20 �l of MTT reagent to each 
well and incubated for 4h at 37 ° C. The formazan crystals were dissolved in isopropanol 
100% and in 2 min maximum was made after the absorbance reading at 540nmusing a 
microplate reader (Genios; Tecan, Bradenton, FL). The measurements were performed in 
triplicate and repeated in three independent experiments. 
 

4.5.5 Flow Cytometry Analysis of 2D Co-Culture Trans-Differentiation 

Different types of mixed spheroids (U87-dsR/BM-MSC, U373-GFP/BM-MSC) were 
cultured for 3 after treatment with BK and HOE. They were then dissociated, and single-
cell suspensions were subjected to flow cytometry analysis (FACS Calibur; BD Biosciences, 
NJ). Forward and side light scatter signals were used to detect the size of each cell 
population in the co-cultures. GBM cells and MSC were discriminated based on the GFP 
(FL1-H) or dsRed (FL2-H) fluorescence signals, following compensation for eliminating 
non-specific signals. Experiments for quantification of CD90 and F-actin expression were 
performed according to (Pillat et al. 2016). MSC were seeded in monocultures or 2D co-
cultures together with U87-dsR cells for 72 h. Cells were dissociated from the flasks using 
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trypsin and FBS. Single cells were fixed for at least 20 min in 4% paraformaldehyde, washed 
with PBS 1% FBS, and incubated separated with primary antibodies conjugated with APC 
anti-CD90 and anti-phalloidin for 30 min at room temperature. Cells were washed with 
PBS and, then analyzed in a flow cytometer (MACSQuantAnalyser 10, Miltenyi Biotech, 
Germany). A minimum of 10,000 events was acquired per sample, and the data were 
displayed at logarithmic scales and analyzed with the FlowJo V10 software.  
 

4.5.6 Spheroid 3D Analyses 

4.5.6.1 Spheroid Viability Measurements (MTS Assay) 

After the spheres prepared, we added 100ul of medium containing 2X concentration of the 
drugs tested, so that the final concentration was 100 nM in 200ul. Cell viability within the 
spheroids was determined using the MTS assay. After 1, 3 and 5 days, for all controls and 
treated spheroids grown in U-bottomed plates with 100uL media/well, 20 μLMTS agent 
was added (Promega, Fitchburg, WI, USA). The spheroids were incubated at 37°C for 3 
h, and their absorbance was measured at 490/630 nm using a microplate reader (Genios; 
Tecan, Bradenton, FL, USA). The measurements were performed in triplicate and repeated 
in three independent experiments. 
 

4.5.6.2 Three-Dimensional Invasion Assay 

The 3D invasion assay was performed as described previously(Vinci, Box, and Eccles 2015). 
Briefly, the spheroids were covered with 5 mg/mL Matrigel (BD Bioscience). After a 45-
min incubation at 37°C and under 5% CO2, the embedded spheroids were covered with 
DMEM with 10% FBS (control spheroids) and 100 nM BK or HOE-140were added (treated 
spheroids). The initial distance of invasion (T0) was measured following an overnight 
incubation, and then on each successive day, for a total of 7 days. The distance was 
measured from the edge of the spheroid by using the NIS elements software 2.3v (Nikon 
Instruments, Melville, NY, USA) and normalized to the size of the spheroid. 
 

4.5.7 Calcium Imaging 

Intracellular calcium transients were measured by fluorescence imaging of monoculture and 
co-culture cells using the calcium indicator dye fluo-4 AM as described by Pillat et al. 
(2016) elsewhere. Cells were loaded with 5 μM fluo-4 AM (Molecular Probes) in 0.5% 
DMSO and 0.1% of F-127 pluronic acid for 1 h at 37 °C. After three washes with culture 
medium, cells were placed in a warm chamber and fluorescence emissions were captured 
by a inverted microscope ECLIPSE-TiS (Nikon, Melville, NY) equipped with a 14 bit 
camera, high resolution, CCD CoolSnap HQ2 (Photometrics, Tucson, AZ, USA). Following 
pre-treatment with HOE140 and R715, the inhibitor was removed from the cell culture 2 
min prior to calcium measurements by medium change performed twice. Fluo-4 AM was 
excited using the 488 nm line of argon ion laser, and the emitted light was detected at 515–
530 nm using a band-pass filter. Time kinetics of free intracellular calcium ([Ca2+]i) 
variations were constructed from over 300 images collected in 1 second intervals. The 
fluorescence intensities (F) were calibrated in a solution containing 5 mM ionophore 

(Fmax) and 10 mM EGTA (Fmin) to provide an estimation of the absolute change in the 

intracellular calcium concentration using the following equation: [Ca2+]i = 
Kd[(F − Fmin)/(Fmax − F)]; assuming a 450 nM Kd for fluo-4 AM. [Ca2+]i levels of 
cell populations prior and following stimulation were calculated using the average value of 
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at least five fields of observation in independent experiments. 
 

4.5.8 Determination of EMT Gene Expression by Real-Time qPCR 

Total RNA was isolated from 2D monolayer mono-cultured U87 cells and mixed co-cultures 
(U87/BM-MSC, U87/AT-MSC) using the TRIzol reagent (Life Technologies). The mRNA 
integrity was confirmed (Agilent 2100 Bioanalyser; Agilent Technologies, Santa Clara, CA, 
USA). The cDNA was generated from 1.0 µg total RNA using the High-Capacity cDNA 
Reverse Transcription kits (Applied Biosystems, Hilden, Germany). The relative 
quantification of gene expression levels of B2R, Vimentin, CD44, Snail, TGFb and GADPH 
were carried out using real-time PCR (ABI 7900 HT Sequence Detection System; Applied 
Biosystems, ThermoFisher, Waltham, MA, USA). These reactions were performed using 
1:10 dilutions of each cDNA (1 µg/well), added to TaqMan Universal PCR Master Mix 
and TaqMan Gene Expression Assays (all from Applied Biosystems): for B2R-
Hs00176121_m1, Vimentin-Hs00185584_m1, CD44-Hs00174139_m1, Snail-
Hs00195591_m1, Tgfb2-Hs00234244_m1 versus the amplification of glyceraldehyde 3-
phosphate dehydrogenase (pre-Developed TaqMan Assay Reagent No. 4310884E) as 
internal control. Here, 1, 1:10, 1:100, 1:1,000 and 1:10,000 dilutions of the template sample 
were used for relative B1R mRNA quantity determination in the samples. The SDS v2.2 
software was used (Applied Biosystems) to analyze the data obtained from the TaqMan 
Gene Expression Assays. Independent experiments were performed in duplicate and 
repeated three times. Statistical significance between different cell lines was determined by 
two-tailed Student’s t-tests, and P<0.05 was considered significant. 
 

4.5.9 Immunofluorescence Analyses 

The mono-cultures of MSC and U87dsRed cells as well as co-cultures (1:1 ratio) were set 
up. Upon 72 h in co-cultures cells were fixed with 4% paraformaldehyde (PFA) in PBS for 
15 min, washed three times and exposed for 30 min to a blocking solution containing 0.05% 
Triton-X 100 and 2% FBS. Cells were incubated for 30 min with Phalloidin-iFluor 488 
Reagent | CytoPainter (ab176753) to marker F-actin filament (1:100, Abcam, UK). 
Samples were washed three times with PBS, followed by incubation for 15 min Hoechst 
333482 counterstaining of cell nuclei. Following another washing step, slides were mounted 
with Vectashield (Vector Laboratories, Burlingame, CA USA) and analyzed on an NIKON 
epifluorescence microscope (Nikon, Japan), equipped with a Nikon camera and NIKON 
image analysis program. Alexa Fluor 488 and dsRed images were merged for detection of 
F-actin with cell nucleus detection in co-cultured U87-MG and MSC cells. 
 

4.5.10 Live Cell Imaging 

Images of live cells in the monolayers and as spheroids under control conditions and after 
addition of the agonist or antagonist (100nM) were recorded after 24h, 48h, 72h, 96h and 
168h using an inverted microscope (Nikon) coupled to a digital camera. The micrograph 
images were processed using the Software NIS-Elements 2.3v software for measuring the 
areas and cell distances, and for merging the fluorescent signals (GFP, dsRed, DiO, DiL). 
Five micrograph images were taken per experimental condition. To time-lapse imaging, the 
cells were pre-loaded with the respective dye, as described in Oliveira et al. (2018). Cells 
were plated into 25 cm3 bottles and co-cultured for 48h. The bottles were filled up with 
medium supplemented with HEPES at 5mM and DAPI. All images of living cells were 
assisted by the Software NIS-Elements 2.3v software, for automated focus and loop time 
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was set at  7min for 12h. 
 

4.5.11 Directionality Cell Analysis 

The directionality Fiji plugin (open source Java image processing program ImageJ) was 
used to infer the preferred orientation of structures present in the input image. It computes 
a histogram indicating the amount of structures in a given direction. Images with 
completely isotropic content are expected to give a flat histogram, whereas images in which 
there is a preferred orientation are expected to give a histogram with a peak at that 
orientation. The method used was the local gradient orientation. The local gradient of the 
image was calculated using a 5x5 Sobel filter, which is used to derive the local gradient 
orientation. This orientation was then used to build the histogram, by putting the square 
of the gradient norm in the adequate bin. The plugin used a fit by a Gaussian to compute 
directionality parameters, where the Gaussian fit has the following Equation (4.1).  
 

 
 

(4.1)
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5 Conclusions 

In this Thesis the diversity of microenvironment effects on tumor behavior in a model of 
glioblastoma (GBM) cells and mesenchymal stem cells (MSC) was explored with the 
emphasis on the role of kinin system. In three chapters we focused on understanding the 
relevance of kinin-mediated signaling and modulation of several processes, being altered 
upon interaction between two genetically different subtypes of GBM cells and a bone-
marrow and adipose tissue derived MSC. GBM cell lines differ in their phenotype (Breznik 
et al. 2017) and also in the expression of kinin receptors, the U87 GBM cells, expressing 
10 times more kinin receptor than the U373 GBM cell line. They also behave differently 
upon co-culturing with MSCs and the role of kinin- kininogen systems. 

We observed that by co-culturing U87 and MSC cells, the expression of kinin receptors 
increased, either after direct or indirect cell contact, and even more so when pre-treated 
with their agonist, the bradykinin. B1R seems to be a more relevant mediator of kinin 
signaling. As cell-cell interaction increases in inflammatory conditions, we speculate that 
kinin / B1R system is a good candidate to trigger these events and indeed we found that 
B1R inhibition by its antagonist reduced cell-cell interactions. Furthermore, the epithelial-
to-mesenchymal transition was triggered by bradykinin and U87/MSC interaction in co-
cultures. Furthermore, antagonist treatment down regulated the expression of EMT genes 
as well as cell invasion by 40% compared to control conditions, whereas we found that the 
B1R also mediated migration and invasion in the U87 3D model. 

However, we also observed co-stimulation of B2R in co-culture treatment with 
bradykinin. Cell-cell interactions prolonged intracellular calcium wave time prolongation, 
and in co-culture the B1R and B2R increased cell survival. Both kinin receptor antagonists 
(Hoe-140+R715) reduced cell-cell interactions. Our results strongly support the notion of 
high relevance of kinin receptors in tumor microenvironment as an important agent in 
modulating tumor cell (GBM cells) migration, invasion in possibly even more complex 
microenvironment than just in the presence of MSCs (Figure 5.1). 
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Figure 5.1: Schematic image of Kinin receptors’ role of GBM-MSC interaction in the 
microtumor environment.  
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