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Zusammenfassung 

Catharina Melzer 

Mechanisms of cellular interaction and role of mesenchymal stroma/stem cells during 

tumorigenesis 

Die heutige Brustkrebsforschung befasst sich nicht mehr ausschließlich mit dem Verhalten 

von isolierten Tumorzellen. Vielmehr hat sich gezeigt, dass die Tumormikroumgebung einen 

wesentlichen Einfluss auf das Tumorverhalten hat und zunehmend in der Tumorforschung 

berücksichtigt wird. Neben Immunzellen, Endothelzellen und unterschiedlichen löslichen 

Faktoren stellen u.a. mesenchymale Stroma-/Stammzellen (MSC) einen weiteren wichtigen 

Zelltyp in der Tumormikroumgebung dar. Dabei wurden MSC eine zweideutige Rolle in der 

Tumorentstehung und Progression zugeordnet. Dieser Zelltyp ist in der Lage, sowohl direkte 

als auch indirekte Interaktionen mit Krebszellen einzugehen, die das Tumorverhalten 

beeinflussen. Indirekte Interaktionen umfassen die Freisetzung und Aufnahme von löslichen 

Faktoren wie Zytokinen, Chemokinen und Wachstumsfaktoren sowie den zellulären 

Austausch über Exosomen und Mikrovesikel. So konnte gezeigt werden, dass in Gegenwart 

von MSC das Tumorwachstum bspw. von Ovarialkarzinomzellen im Vergleich zu alleinigen 

Ovarialkrebszellen erhöht wird, was auf eine tumorfördernde Rolle der MSC durch indirekte 

Interaktionen hindeutet. Zusätzlich konnte durch MSC eine erhöhte Chemoresistenz in 

Tumorexplantkulturen beobachtet werden. Im Vergleich zu indirekten Interaktionen erfolgt 

die direkte Kommunikation über Nanotubes, Gap Junctions, Trogozytose und die Zellfusion.  

Besonders die molekularen Mechanismen, die der Krebszellfusion zugrunde liegen, sowie die 

Rolle der daraus entstehenden Hybridzellen wurden in dieser Arbeit erforscht. 

Um mögliche Fusionsereignisse zu untersuchen, wurden MSC, die aus der Nabelschnur 

gewonnen wurden, und Brust- (und Ovarial-) krebszelllinien verschiedenartig 

fluoreszenz-markiert mit einem lentiviralen Vektor, der entweder das eGFP Gen oder das 

mCherry Gen in sich trägt. Über zeitabhängige Fluoreszenzvideomikroskopie konnte der 

Fusionsprozess zwischen MSC und normalen humanen Brustepithelzellen (HMEC) sowie 

neoplastischen Brustepithelzellen (MCF10A) beobachtet und eingefangen werden. Die 

Detektion von Fusionen erfolgte über die Co-Kultur von GFP-markierten MSC zusammen mit 

mCherry-markierten normalen oder neoplastischen Brustepithelzellen, wobei die 

resultierenden Hybridzellen eine Doppelfluoreszenz für GFP und mCherry zeigten. Das 

eigentliche Fusionsereignis lief innerhalb von weniger als 5 Minuten ab.  
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Daraufhin wurde die Bildung von Hybridzellen nach Fusion von MSC mit verschiedenen 

Brustkrebszellen quantifiziert und erzielte Ergebnisse im Bereich von 0,1 bis über 2 Prozent. 

Interessanterweise zeigten Co-Kulturen von immortalen benignen MCF10A 

Brustepithelzellen mit MSC den höchsten Prozentsatz an fusionierten doppeltfluoreszenz-

markierten Zellen. Im Vergleich zu Autofusionsereignissen (Fusion gleicher Zelltypen 

untereinander) waren Heterofusionen mindestens um das 10-fache erhöht. Basierend auf 

diesen in vitro Daten wurde das Auftreten von MSC-Brustkrebszellfusionen in NODscid 

Mäusen in vivo untersucht. Tatsächlich konnte die Bildung von Hybridzellen in vivo 

detektiert werden, wenn auch nur zu einem geringen Prozentsatz. 

Für eine umfassende Analyse der Effekte von Hybridzellen auf die Tumorentwicklung 

wurden Fusionszellen von unterschiedlichen Co-Kulturen klonal isoliert und charakterisiert. 

Die verschiedenen Hybridklone wurden entsprechend ihrer Herkunft benannt: 

1) MDA-hyb1, -hyb2, -hyb3, -hyb4 (aus Fusion von MSC mit der metastasierenden humanen 

Brustkrebszelllinie MDA-MB-231) 

2) MCF10A-hyb1, -hyb2 (aus Fusion von MSC mit der immortalen humanen 

Brustepithelzelllinie MCF10A)  

3) SK-hyb1, -hyb2 (aus Fusion von MSC mit der metastasierenden humanen 

Ovarialkarzinomzelllinie SK-OV-3) 

Den verschiedenen Hybridzelllinien wurden heterogene Effekte zugeschrieben. Während die 

betrachteten Hybride aneuploid hinsichtlich ihres Chromosomensatzes waren und meist eine 

Doppelfluoreszenz von GFP und Cherry aufwiesen, zeigten sich in der Proliferationskapazität 

und in der Fähigkeit primäres Tumorwachstum auszulösen deutliche Unterschiede. 

Hybridzellen der parentalen MCF10A und SK-OV-3 kennzeichneten sich durch reduziertes 

Proliferationspotential aus. Zudem konnte in vivo kein Tumorwachstum detektiert werden. 

Mit einem teilweise seneszenten Phänotyp ließen diese Daten vermuten, dass die MCF10A- 

und SK-Hybride einen eher MSC-ähnlichen Phänotyp mit MSC-ähnlichen Charakteristika 

haben. Im Gegensatz dazu proliferierten die MDA-Hybride ähnlich stark wie die parentalen 

MDA-MB-231, wobei die MDA-hyb1 und -hyb2 sogar eine deutlich erhöhte 

Proliferationskapazität besaßen. Dieses konnte in vivo bestätigt werden mit einem deutlich 

schnelleren Tumorwachstum der MDA-hyb1 und -hyb2 sowie schnellerer Metastasenbildung 

im Vergleich zu den parentalen Brustkrebszellen. Somit kann geschlussfolgert werden, dass 
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eine Zellfusion zwischen MSC und Tumorzellen zu Hybridzellen führt, die sowohl maligner 

sein können als auch nicht-tumorigene Eigenschaften tragen können. 

Zusätzlich zur Charakterisierung der Hybridzellen wurden molekulare Mechanismen, die der 

Zellfusion zugrunde liegen, erforscht, wobei TNF-α als potenzieller Kandidat identifiziert 

wurde, der die MSC/MCF10A Zellfusion erhöht, dagegen offensichtlich bei der 

MSC/MDA-MB-231 Hybridbildung keine besondere Rolle spielt. Dieser selektive 

fusionsfördernde Effekt von TNF-α wurde über die beiden TNF Rezeptoren TNFR1 und 

TNFR2 vermittelt. Weitere Signalketten liefen über TRADD und involvierten eventuell 

apoptotische und / oder NF-κB-abhängige Signalwege. Eine Aktivierung über JNK1/MAPK8 

spielte dagegen eine untergeordnete Rolle. 
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Summary / Abstract 

Catharina Melzer 

Mechanisms of cellular interaction and role of mesenchymal stroma/stem cells during 

tumorigenesis 

Breast cancer research examines not only tumor cells as isolated units but also the tumor 

microenvironment which exhibits a tremendous impact on tumor development and is 

therefore considered in cancer cell studies. Apart from immune cells, endothelial cells and 

various extracellular mediators, mesenchymal stroma/stem cells (MSC) represent a major 

player in the tumor microenvironment. Thereby, MSC have been attributed a dual role in 

cancer development and progression. This cell population is capable to directly and indirectly 

interact with cancer cells altering tumor behavior. Indirect interactions include the secretion 

and uptake of soluble factors like cytokines, chemokines and growth factors as well as the 

exchange of exosomes and microvesicles. In this context, MSC stimulated and increased 

primary ovarian tumor growth in contrast to ovarian cancer cells alone supporting a tumor 

promoting role of MSC. Additionally, tumor explant cultures exhibited a higher 

chemoresistance as compared to the normal ovarian carcinoma cells. In addition to indirect 

interactions, direct communication between MSC and cancer cells involves nanotube 

signaling, gap junctions, trogocytosis and cell fusion.  

Particularly the underlying molecular mechanisms of cancer cell fusion and the role of the 

emerging hybrid cells were investigated in this thesis.  

To study potential fusion events, umbilical cord-derived MSC and breast (and ovarian) cancer 

cell lines were separately fluorescence-labeled with a lentiviral vector carrying either the 

eGFP gene or the mCherry gene.  

Time lapse fluorescence video microscopy documented the fusion process between MSC and 

normal human mammary epithelial cells (HMEC) as well as neoplastic breast epithelial cells 

(MCF10A). The actual fusion event proceeded within less than 5 minutes. 

Consequently, the formation of hybrid cells due to fusion of MSC with various breast cancer 

cell lines was quantified ranging between 0.1 and more than 2%. Of interest, co-cultures of 

benign MCF10A with MSC revealed the highest percentage of dual fluorescent hybrid cells. 

Compared to autofusion events, heterofusions were at least 10-fold elevated. Based on these 

in vitro data, the occurrence of MSC-breast cancer cell fusion was investigated in vivo with 
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NODscid mice. Indeed, hybrid cell formation was detected in vivo albeit to a very low 

percentage. 

For a comprehensive analysis of the effects of hybrid cells on tumorigenesis, fusion products 

from distinct co-cultures were isolated and characterized. Thus, these various hybrid clones 

were named according to their origin leading to  

1) MDA-hyb1, -hyb2, -hyb3, -hyb4 (fusion of MSC with the metastasizing human 

MDA-MB-231 breast cancer cell line) 

2) MCF10A-hyb1, -hyb2 (fusion of MSC with the neoplastic human MCF10A breast 

epithelial cell line) 

3) SK-hyb1, -hyb2 (fusion of MSC with the human SK-OV-3 ovarian cancer cell line) 

Within these hybrid cell lines, diverse effects have been observed. Whereas examined hybrid 

cells were commonly aneuploid and mostly dual fluorescent for GFP and cherry, the 

proliferative capacity and the ability to induce primary tumor growth in vivo appeared 

heterogenous. Hybrid cells from parental MCF10A and SK-OV-3 exhibited reduced 

proliferative potential and no detectable tumor growth in vivo concomitant with a partially 

senescent phenotype suggesting rather MSC-like phenotype and characteristics. On the 

contrary, MDA-hybrids displayed different proliferative capacities in comparison to 

MDA-MB-231. Whereas in vivo tumor development was significantly reduced with 

MDA-hyb3, this was markedly enhanced with MDA-hyb1 and -hyb2 cells accompanied by a 

rapid metastatic spread to various organs when compared to parental MDA-MB-231. Taken 

together, cell fusion between MSC and cancer cells can generate hybrid cells with altered 

malignancy contributing to enhanced overall tumor heterogeneity. 

In addition to the characterization of hybrid cells, molecular mechanisms underlying cell 

fusion were investigated identifying TNF-α as potential candidate that elevates 

MSC/MCF10A but not /MDA-MB-231 cell fusion. These pro-fusogenic effects of TNF-α 

were mediated by the TNF receptors 1 and 2. Further downstream signaling was relayed via 

TRADD and potentially involves apoptotic and / or NF-κB signaling with little if any 

contribution of the JNK1/MAPK8 activation.  
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1. Introduction 

1.1 Breast cancer 

In 2018, the number of new cancer cases is estimated at over 18 million accompanied by 9.6 

million cancer deaths. Breast cancer accounts for the most common cancer in women with 

over 2 million new cases of breast cancer worldwide. Whereas Belgium and Luxembourg 

show the highest rate of breast cancer in women with 113.2 and 109.3 age-standardized rate 

per 100,000, Germany occupies the 20th place followed by the US and Canada (place 22 and 

23) [1]. These data reflect the fact that although Europe covers only 9% of the global 

population, 25% of the global cancer incidence appears in Europeans. Thereby, female breast 

cancer displays the most frequent diagnosed cancer type together with colorectal, lung and 

prostate cancer representing half of the overall cancer incidence in Europe. Of interest, from 

1.93 million deaths in Europe that resulted from cancer, the number of breast cancer deaths 

reveals 138,000 [2]. 

Main risk factors besides female gender, genetic predispositions and aging comprise the 

country of birth, the physical condition including obesity, high breast density or 

menstrual/reproductive history, and the overall lifestyle including diet, alcohol consumption, 

physical activity and smoking. Moreover, the exposure to ionizing radiation and both 

endogenous and exogenous hormones represent further causes for breast cancer [3, 4]. 

Thereof, family history and inherited factors depict one of the most well-established breast 

cancer risk factors amounting to 10%. In the 1990s, BRCA1 (Breast Cancer 1) was identified 

as first cancer susceptibility gene followed by BRCA2 and further genes such as TP53 

(Tumor Protein) or CHEK2 (checkpoint kinase 2). Mutations in these genes are associated 

with high to intermediate risk to develop breast cancer [5-8]. Apart from family history, the 

country and environment of birth, respectively, might have an impact on breast cancer risk. 

Whereas the incidence rate is higher in developed countries, mortality is higher in less 

developed areas [9]. For instance, incidence rate of breast cancer is much higher in Europe as 

compared to the Asian or African population [1, 10]. Aging still represents one major risk 

factor. Fewer than 5% of women are diagnosed before the age of 40 years in the US. This rate 

constantly increases to the age of over 70 years [11]. Besides aging, early menarche and late 

menopause have been associated with higher breast cancer risk. Explanations suggest the 

longer exposure of endogenous cycling ovarian hormones increasing the risk of developing 

breast cancer [12]. Moreover, pregnancy in general is suggested to reduce the risk. Especially 

multiple pregnancies and young age at first childbirth have been correlated with lower breast 
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cancer risk [13-15]. However, women with pregnancy older than 30 years have been reported 

with higher risk in contrast to nulliparous women [16, 17]. Longer exposure of hormones such 

as estrogen is additionally associated with obesity as risk factor [18, 19]. Nevertheless, 

clinical data vary within countries, ethnical groups and premenopausal versus postmenopausal 

women. In addition to endogenous hormones, exogenous hormones like hormonal 

contraceptives and hormone replacement therapy represent further factors impacting the 

development of breast cancer [15, 20, 21]. 

As diverse as risk factors are, breast cancer is categorized into several molecular subtypes 

mainly depending on hormone receptor (HR) status and therefore differing in prognosis and 

therapy. The four main subtypes together with HR status and frequently applied therapies are 

listed in table 1. In general, the expression of three different hormone receptors, namely the 

estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor 

receptor 2 (HER2), determines suitable therapy and clinical outcome [22]. 

 

Table 1: Subtypes of breast cancer (modified from [22]). 

subtypes hormone receptor status therapy 

luminal A-like ER +, PR + 

HER2 – 

Ki-67 low 

hormone-based therapy 

luminal B-like ER + 

HER2 + or – 

PR low or Ki-67 high 

hormone-based therapy, 

accompanied by 

chemotherapy if Ki-67 high 

HER2 positive 

(non-luminal) 

HER2 + 

ER –, PR – 

anti-HER2 antibodies like 

trastuzumab 

triple negative / 

basal-like 

ER –, PR – 

HER2 – 

chemotherapy 

 

Besides the molecular categorization, pathological subtypes of breast cancer mainly comprise 

ductal carcinoma (80%), lobular carcinoma (15%) and to lower incidence other rare 

pathologic variants such as inflammatory medular and tubular carcinoma or male breast 

cancer. Moreover, both major types exist as invasive and non-invasive tumors impacting 

therapy and prognosis [23, 24]. 
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1.1.1 Normal and benign breast epithelial cell lines 

Nowadays, there exists a plethora of different cell lines and primary cell cultures enabling 

breast cancer research by imitating the diverse stages of tumor development using in vitro 

models. 

For this doctoral thesis, experiments were performed with 5 different breast cell lines 

including HMEC (normal human mammary epithelial cells), MCF10A, MCF7, 

MDA-MB-231 and HBCEC (human breast cancer epithelial cells). 

Thereby, HMEC can be regarded as potential starting point of breast cancer since it is a 

normal human mammary epithelial cell culture generally isolated during mammoplasty or 

mastectomy [25]. These primary cells exhibit a finite life span after about 50 cell doublings in 

vitro [26]. Several mechanisms of HMEC are known to prevent infinite growth. Activated by 

stress and mediated by the retinoblastoma (Rb) tumor suppressor protein, increase of cyclin-

dependent kinase inhibitor p16INK4a causes a first senescence barrier, termed stasis [27]. 

Nevertheless, some so-called post-selected HMEC can escape senescence through loss of p16 

and continue proliferation. However, critical length of telomeres due to lack of telomerase 

activity leads to accumulation of chromosomal abnormalities and DNA damage resulting in 

agonescence, a second senescence barrier [27]. Agonescent cells, negative for p16, remain 

viable accompanied by a senescent phenotype such as senescence-associated β-galactosidase 

(SA-β-Gal) activity and expression of functional p53. Indeed, if p53 is abrogated, HMEC 

encounter crisis, a massive cell death [28]. Interestingly, reactivation of hTERT (human 

telomerase reverse transcriptase) can result in malignant transformation of post-selected 

senescent HMEC [29] suggesting a potential explanation for breast cancer development since 

telomerase is present in 90 % of all human cancers to enable infinite cell growth [30]. 

MCF10 stands for Michigan Cancer Foundation and was isolated from a 36-year-old parous 

premenopausal woman with extensive fibrocystic disease during mastectomy. This cell line 

exhibits features of normal breast epithelium such as lack of the capacity to invade adjacent 

tissue and to metastasize or controlled anchorage-dependent growth in culture by hormones 

and growth factors as well as three-dimensional growth in collagen. In vitro, this cell line 

senesces and is characterized as diploid cells with a finite life span. However, two immortal 

cell lines spontaneously arose from these mortal cells. MCF10F represent free floating cells 

directly derived from the mortal MCF10 and firstly cryopreserved after culturing of MCF10 

in low calcium serum free medium for 840 days. Conversely, MCF10A display an adherent 

immortal sub cell line and were initiated from MCF10F. Whereas MCF10 cells are normal 
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diploid, the karyotype of MCF10F and MCF10A is near diploid with minimal rearrangements 

containing 46 and 48 chromosomes, respectively [31]. Furthermore, MCF10A lack expression 

of the hormone receptors [32]. Besides MCF10A and MCF10F, further subtypes have been 

non-spontaneously generated and applied for breast cancer research such as MCF10AT 

(premalignant) or MCF10CA1 (fully malignant) [33]. 

Considering that especially the nonmalignant, benign MCF10A can be transformed to a 

malignant stage and that otherwise these cells exhibit normal breast epithelium characteristics, 

this cell line represents a valuable cell model to investigate breast cancer development. 

Morphology of MCF10A and of normal human mammary epithelial cells is illustrated in 

figure 1 strengthening the presence of epithelial characteristics. 

 

HMEC MCF10A 

  

Figure 1: Morphology of HMEC_P9 (left) and MCF10A_P124 (right). Scale bars represent 200µm. 

 

1.1.2 Malignant breast epithelial cell lines 

The malignant breast cancer cell line MCF7 was isolated from a pleural effusion of a 

69-year-old woman with metastatic breast cancer. Before primary culture of MCF7, the 

woman had suffered from two mastectomies, one of her right breast (benign tumor) and one 

radical mastectomy of her left breast (malignant adenocarcinoma) [34]. As a consequence of 

ER and PR presence and the absence of HER2, MCF7 belong to the molecular subtype of 

luminal A-like tumors [32, 35]. The karyotype of MCF7 is hypertriploid to hypotetraploid 

with a modal number of 76 to 88 chromosomes [36]. Moreover, this cell line fails to 

metastasize in vivo and hence, is characterized as a non-invasive phenotype [37, 38]. 
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Conversely, the basal-like triple negative MDA-MB-231 breast cancer cell line displays high 

invasive and migration potential [39, 40]. This malignant cell line was isolated from pleural 

effusions of a 51-year-old patient after mastectomy and chemotherapy and harbors a near 

triploid karyotype [41, 42].  

Morphologies of MCF7 in comparison to MDA-MB-231 are represented in figure 2. 

MCF7 MDA-MB-231 

  

Figure 2: Morphology of MCF7 (left) and MDA-MB-231 (right) breast cancer cell lines. Scale bars 

represent 200µm. 

 

Besides these two immortal cancerous cell lines, HBCEC (human breast cancer epithelial 

cells) represent primary cell populations derived from long-term cultured tumor tissues of 

individual breast cancer patients [43]. These cells have been demonstrated to express cell 

adhesion molecules or mediators such as CD24 and CD44. Moreover, during long-term 

culture of HBCEC little, if any SA-β-Gal-positive cells could be detected in certain cultures 

accompanied by telomerase activity indicating unlimited proliferation potential of these 

patient-specific primary cells [43]. Of interest, chemotherapeutic effects differed among 

HBCEC from different patients suggesting an individualized response and strengthening the 

need of primary breast cancer cultures to study tumorigenesis. 

 

1.2 Ovarian cancer 

Ovarian cancer belongs to the twentieth most commonly diagnosed cancer with about 295,000 

new cases worldwide in 2018. The number of deaths is estimated to around 185,000 [1]. 

Annually, between 6,900 and 7,500 women develop ovarian cancer in Germany [44]. The risk 

to develop ovarian cancer constantly increases with age. Further risk factors are similar to 
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breast cancer risk factors. Thus, they include obesity, hormonal factors like nulliparity, 

infertility or hormone replacement therapy and genetic predispositions such as mutations in 

BRCA1 and BRCA2 [44].  

Benign and malignant ovarian tumors are classified due to their origin whereby the most 

frequent ovarian cancers develop from epithelial cells of the ovary (90%). In addition, ovarian 

cancer can rise from stromal cells and germ cells (both around 5%) [45]. Each category in 

turn implies a number of subtypes. For instance, stromal cell tumors include thecomas, 

fibromas, granulosa or Sertoli-Leydig cell tumors. However, ovarian carcinomas represent the 

largest group with histological subtypes such as low-grade and high-grade serous carcinoma, 

mucinous, endometrioid, clear cell, transitional cell, squamous cell, mixed epithelial cell and 

undifferentiated tumors [45, 46]. One prominent example of ovarian carcinoma cell lines is 

represented by SK-OV-3 which was used in this thesis [47]. Apart from the common three 

subtypes, there exist some very rare types of ovarian cancer including the small cell ovarian 

carcinoma of the hypercalcemic type (SCCOHT) or small cell ovarian carcinoma pulmonary 

type (SCOCPT) [48, 49]. 

 

1.3 Mesenchymal stroma/ stem-like cells (MSC) 

Human mesenchymal stroma/stem-like cells (MSC) are multipotent self-renewing cell 

populations which can be derived from various human organs and tissues and preferentially 

reside in perivascular niches. 

1.3.1 Existence, isolation, expansion and differentiation of MSC 

In the 1960s, Alexander Friedenstein firstly described the existence of a different cell 

population in the bone marrow while culturing hematopoietic stem cells marking the 

beginning of MSC’s history [50, 51]. This heterogeneous cell population was identified as 

plastic adherent with a fibroblast-like morphology. More importantly, these cells were able to 

form colonies (colony-forming unit fibroblasts, CFU-F) indicating the existence of precursor 

cells in the bone marrow [52]. Since then, a variety of studies investigated the occurrence, the 

isolation, the properties and functions as well as the therapeutic potential of MSC. Fibroblast-

like morphology of MSC is exemplary illustrated in figure 3. 
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marrow aspiration followed by density gradient centrifugation and cultivation of isolated 

cells. In general, isolation protocols commonly take advantage of MSC’s ability to adhere to 

plastic in contrast to other cell types such as hematopoietic stem cells within the bone marrow 

[71]. AT-MSC are typically isolated by other invasive procedures including lipoplasty, 

liposuction or lipectomy. Thereafter, lipoaspirate is digested by enzymes such as collagenase 

and subsequent centrifugation steps ending up in cultivation and washing of non-adherent 

cells the next day [72]. However, rapid isolation without enzyme digestion leads to similar 

efficiency of MSC isolation [73]. Isolation of birth associated tissue-derived MSC such as 

UC-MSC involves resembling steps. Nevertheless, distinct isolation protocols for UC-MSC 

are applied. Although isolation procedure often begins with elimination of umbilical vessels 

followed by slicing of the tissue into smaller pieces and enzymatic digestions (e.g. 

hyaluronidase, collagenase and trypsin), other protocols only cut the umbilical cord into small 

chops without removal of vessels and / or without enzyme digestion. Afterwards, explant 

cultures of treated UC are started [74-77]. Interestingly, occurrence of MSC within the 

various niches such as bone marrow, adipose tissue or umbilical cord differs extremely. 

Moreover, yield of MSC alternates from organs and tissues, but also between donors within 

one tissue [76, 78-80]. Therefore, it is inevitable to perform research with MSC from multiple 

donors to exclude donor-specific effects. 

Since characteristics and properties of MSC are very diverse due to heterogeneous origin, 

isolation and expansion, in 2006, the Mesenchymal and Tissue Stem Cell Committee of the 

International Society for Cellular Therapy (ISCT) defined three criteria to be fulfilled for 

human MSC [81]. These minimal guidelines encompass that MSC as multipotent cells have to 

exhibit the property to differentiate at least along the mesodermal lineage which means 

differentiation into adipocytes, osteoblasts and chondroblasts in vitro under specific culture 

conditions. Moreover, certain surface marker should be present on MSC covering CD105 

(endoglin), CD90 (Thy 1) and CD73 (ecto-5´-nucleotidase) (expression ≥ 95%). By contrast, 

the Committee also defined some surface marker being absent on MSC such as CD34 

(hematopoietic stem cell marker), CD45 (lymphocytic), CD79α or CD19 (B-lymphocyte 

antigen), CD14 (monocytic) or CD11b (integrin) and HLA-DR (human leukocyte antigen) 

(expression ≤ 2%). As a third criterion, MSC must adhere to plastic under standard culture 

conditions [81] (Figure 4). 
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1.3.2 Homing capacity, tissue repair and immunologic properties of MSC 

Properties and functions of human MSC are as multifaceted as their occurrence, isolation and 

differentiation capacity. These involve self-renewal ability, regulation of stem cell 

homeostasis in the bone marrow, migration and homing capacity to sites of inflammation and 

injury concomitant with wound healing and tissue repair, and support of angiogenesis [94]. 

Especially their immunoregulatory capabilities including immunosuppression and 

immunoprivilege are of interest and render these cells as promising tool for clinical 

applications [95]. 

To accomplish their function and exert their potential, MSC are able to migrate and home 

towards sites of inflammation and injury. Recruitment involves leaving their niches where 

they reside followed by crossing of the endothelial cell layer mediated by selectin-associated 

and cell adhesion molecule-mediated (P-selectin and VCAM-1) attachment and dissemination 

at the sites of injury [96]. Although large mechanistic parts are not fully understood, MSC’s 

homing process was suggested to resemble in part the leukocyte adhesion cascade which is 

used as role model to study MSC homing [96, 97]. Indeed, chemokine-chemokine receptor 

axes such as CXCL12-CXCR4 or CCL5-CCR5 are involved in MSC’s targeted migration and 

homing capacity [98-100]. Once approached at sites of inflammation, MSC are involved in 

regeneration including wound healing, tissue repair and angiogenesis [101, 102]. For instance, 

MSC are involved cardiovascular repair [103, 104] or bone [105], cartilage [106] and skin 

repair occurring through replacement of lost cells by differentiation of MSC into various skin 

cell types [107]. 

In a plethora of studies MSC have been shown to modulate, mostly suppress, functions of a 

variety of immune cells such as B- and T-lymphocytes or natural killer (NK) cells [108-111]. 

Although mechanisms permitting/facilitating MSC to modulate immune cell functions are not 

fully understood, secretion of soluble factors and cell-cell-contacts have been deeply 

investigated [112-114]. Prior to MSC’s-mediated immunomodulation, appropriate activation 

of MSC and close proximity to immune cells is required. MSC either constantly or upon 

activation secrete plenty of soluble factors including cytokines, chemokines and growth 

factors some of which have been identified to contribute to immune regulation [94]. In 

particular, IFN-γ together with other pro-inflammatory cytokines IL-1α, IL-1β or TNF-α has 

been reported to induce MSC’s immunosuppression by production of chemokines driving 

immune cell chemotaxis towards MSC [115]. Moreover, MSC-mediated inhibition of 

T-lymphocyte activation and proliferation has been associated with indoleamine-2,3-
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dioxygenase (IDO) which is inducible by IFN-γ [116], nitric oxide (NO)/ inducible NO 

synthase (iNOS) [117], prostaglandin E2 (PGE2) [118] and IL10 [119]. In addition to T-cell 

proliferation inhibition, MSC disrupt B-lymphocyte proliferation and antibody production 

[120-123]. However, some studies demonstrated supportive effects of MSC on B-cells 

through e.g. PGE2 [124, 125]. Macrophages, NK cells and dendritic cells (DC) represent 

further immune cell types being modulated in their functions by MSC. Macrophage properties 

which are mainly affected by MSC encompass migration and polarization. Whereas 

production and secretion of MSC-derived chemokines such as CCL2 and CCL7 contribute to 

macrophage recruitment [126, 127], PGE2 released by MSC increases macrophage 

conversion of M1 to alternatively activated M2 phenotype [128]. Other soluble factors 

secreted by MSC have been identified to suppress DC maturation. For instance, IL6 or HGF, 

but also PGE2, mediate suppressive effects of MSC [129, 130]. Immunomodulation of NK 

cells finally impacts their proliferation, cytokine production and cytotoxicity via both 

cell-contact dependent interactions and secreted factors [131, 132]. 

Apart from immunoregulation, MSC are featured with an immunoprivileged status. That 

means mesenchymal stem cells are protected from the immune system. Since expression of 

MHCI is low and MHCII is lacking, MSC do not evoke substantial alloreactivity [133-135]. 

However, recent animal studies discuss certain immunogenic capacities of MSC indicating 

rejection of MSC after transfusion or transplantation, respectively [136-138]. 

 

1.3.3 Therapeutic potential of MSC 

With all these versatile functions, MSC represent a promising candidate for a large number of 

clinical applications including regenerative medicine, tissue engineering and autoimmune 

diseases. Indeed, clinical trials applying MSC as tool are ongoing [139]. The increasing 

demand of MSC in clinical applications is represented by the number of more than 700 listed 

clinical trials [www.clinicaltrials.gov]. Especially for the treatment of acute and chronic graft-

versus-host disease (GvHD) MSC are often applied as therapeutic cell agent [109]. This 

disease emerges after allogeneic hematopoietic cell transplantation whereby host T cells 

recognize the recipient organism as foreign. Most commonly skin, gastrointestinal tract and 

liver are affected leading to skin rash or diarrhea for instance [140]. According to their 

immunomodulatory properties, infusion of MSC of GvHD patients resulted in reduction up to 

complete resolution [141, 142]. 
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1.4 MSC and the role in cancer  

Regarding tumors as invasive tissues causing an inflammatory milieu, it is not surprising to 

find MSC in the tumor microenvironment as these cells are attracted by and migrate towards 

inflammation sites. Besides immune cells, endothelial cells and a burst of soluble factors, 

MSC contribute to tumor behavior and tumorigenesis [94, 143]. Although literature reports 

about tumor-promoting and tumor-inhibitory effects of MSC, further research is needed to 

better estimate the impact on tumor progression, especially with respect to clinical issues. 

Breast cancer-promoting effects have been widely observed resulting in enhancement of 

cancer cell proliferation, migration, metastasis formation and chemoresistance. Nevertheless, 

MSC may facilitate cancer growth inhibition and reduction of metastasis to the same extent. 

These interferences arise from both indirect interactions and direct interactions of MSC with 

cancer cells [143].  

1.4.1 Indirect interactions of MSC with cancer cells 

Indirect interactions of MSC with cancer cells have been intensively studied over the last 

decades. Although specific mechanisms still need to be elucidated, different types of 

interaction are generally grouped into secretion and exchange of soluble factors involving 

cytokines, chemokines, growth factors, hormones and metabolites, and on the other hand, 

secretion and uptake of extracellular vesicles including microvesicles and exosomes mutually 

altering behavior of both MSC and cancer cells (Figure 5).  

Indirectly mediated effects involve MSC-released chemokines and cytokines such as CXCL1 

and CXCL5, CCL5, IL6 or e.g. CXCL12/SDF-1 acting on CXCR4 receptors of cancer cells 

facilitating tumor growth [144-147]. Human breast cancer cells were able to stimulate the 

secretion of CCL5 by MSC which in turn stimulated MDA-MB-231 in a paracrine manner 

leading to enhanced motility, invasion and the promotion of breast cancer metastasis [145]. 

By contrast, systemically administered MSC were able to migrate towards breast tumor sites 

in vivo and supported primary tumor growth inhibition and a decrease of metastasis formation 

via secretion of IFN-β by MSC [148].  

Extracellular vesicles additionally contribute to mutual crosstalk. Whereas exosomes are 

small homogenous 40 to 100nm particles of endocytic origin, heterogenous 50 to 1,000nm 

microvesicles are directly shed from the plasma membrane [149]. The content of exosomes 

and microvesicles differs extremely, however, it usually covers proteins, lipids and RNAs like 

microRNAs and mRNAs [150]. Both MSC and cancer cells can secrete extracellular vesicles 
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1.5 Cell fusion  

Cellular fusion plays a fundamental role in lots of physiological processes. Starting from the 

fusion during fertilization between egg and sperm as well as the fusion of trophoblasts to 

syncytiotrophoblasts in the placenta during embryogenesis and ending up in fusion formation 

among macrophages to generate giant cells or the fusion of muscle cells to form 

multinucleated muscle fibers it demonstrates the frequent occurrence and importance of cell 

fusion during development [165-170]. However, cell fusion has been reported under 

pathophysiological conditions such as cancer impacting tumorigenesis [171-173]. 

In the 1960s, it has been firstly demonstrated that somatic cells can be stimulated to fuse in 

vitro. Ehrlich ascites tumor cells formed polynuclear giant cells caused by addition of 

hemagglutinating virus of Japan (HVJ; also known as Sendai virus) [174-176]. In parallel, 

hybrid formation of mouse cells among same cell types, between different cell strains or even 

different species (mouse and rat cells) had been observed and documented by e.g. karyotyping 

resulting in polyploid cells with characteristics of both parental cell populations [177-180]. 

Commonly, cell fusion gives rise to different types of hybrid cells depending on the origin of 

fusion partners and the nuclear constitution of the forming hybrid cell. Syncytia emerge from 

cells of the same cell type (autofusion) harboring multiple nuclei, but at least two. For 

instance, syncytiotrophoblasts or multi-nucleated myotubes represent syncytia. Conversely, 

cell fusion between cells of different origin (heterofusion) leads to heterokaryons, however, 

featuring multiple nuclei (≥2) as well. Of interest, synkaryons are formed after fusion between 

cells of the same or a different lineage possessing a single nucleus. Thereby, heterokaryons 

can be regarded as an intermediate cell fusion product followed by nuclear fusion with 

subsequent rearrangement of chromosomes accompanied by either partial chromosomal loss 

or the loss of one intact nucleus [181]. Especially the last hybrid type is of increasing interest 

since chromosomal rearrangements might lead to a complete new cell type with altered 

genotype and phenotype. 

In particular, cancer cell fusion has been deeply investigated due to chromosomal instability, 

new cellular behaviors and the possibility that hybrid products contribute to tumor 

heterogeneity and impact tumorigenesis by increased proliferation potential or elevated 

metastatic capacities accompanied with elevated chemoresistance. Certainly, fusion among 

cancer cells needs to be distinguished from cell fusion between cancer cells and adjacent, in 
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the tumor microenvironment residing, non-cancerous cells like immune cells, endothelial cells 

as well as MSC. 

For instance, bone-tropic and lung-tropic MDA-MB-231 breast cancer cells were 

spontaneously fused bearing hybrid cells with dual metastasis tropism to both organs. Besides 

the acquisition of gene signatures from both parental cell types, these hybrids were 

chromosomal and phenotypic stable [182].  

Spontaneous cell fusion between MCF7 breast cancer cells and macrophages generated hybrid 

cells with elevated survival and less DNA-damage after irradiation in contrast to maternal 

MCF7 cells indicating hybrid formation as a mechanism to acquire radioresistance 

concomitant with potential tumor relapse [183]. In a different study, hybridization between 

tumor-associated macrophages and MCF7 or MDA-MB-231 breast cancer cells revealed 

acquisition of traits from both parental populations, decreased proliferative potential, but 

increased migration and invasive capacities in contrast to the maternal cancer cell lines [184]. 

Breast cancer-endothelial cell fusion has been monitored in co-culture in vitro and in vivo 

after injection and dissemination of breast cancer cells in mice. Interestingly, the resulting 

hybrids displayed properties of both maternal cells whereby acquisition of endothelial traits 

may facilitate penetration of the endothelial barrier to enhance metastasis [185]. Moreover, 

endothelial characteristics have been acquired after glioblastoma-endothelial cell fusion and 

oral cancer-endothelial hybrid cells have been associated with elevated drug resistance and 

enhanced survival potential [186, 187]. 

Cell fusion between breast cancer cells and mesenchymal stem cells has been demonstrated 

with two different cell lines, MDA-MB-231 and MA11 [158, 161]. Hybrids exhibited a mixed 

gene expression with the capacity to form tumors in vivo. In addition, MSC-breast cancer 

hybrids were able to form more lung metastasis than the parental MDA-MB-231 [161]. 

Furthermore, hybrid cells generated by fusion of MSC with different breast cancer cell lines 

including MCF10A, T47D, MCF7 and MDA-MB-231 were documented by bimolecular 

fluorescence complementation and acquired enhanced motility from MSC in contrast to less 

motile parental breast cancer cells [188]. 

Although several fusion-associated genes and soluble factors have been identified in recent 

years, molecular mechanisms underlying fusion formation between cancer cells and non-

cancer cells, especially with MSC, are poorly understood. In general, membrane fusions 

encompass a multistep cascade and are thought to require fusogenic receptors which enable 
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membrane contact of two close interacting cell partner and induce fusion followed by 

effectors which accomplish membrane reorganization to facilitate fusion pore formation [189, 

190]. 

 

1.5.1 Fusion-associated proteins and lipids 

To better understand the molecular mechanisms underlying cell-cell fusion, deeper insights 

into vesicle/organelle fusion as well as cell-virus fusion are helpful.  

During the study of vesicle/organelle fusion, osmotic and ionic gradients have been shown to 

be required for membrane fusion processes including exocytosis, endocytosis and vacuole 

fusion [191, 192]. A decrease of the osmolyte concentration in the cytoplasm elevated vacuole 

autofusion while an increase of osmolyte concentration inhibited fusion events revealing that 

osmotic shifts impact fusion [191]. Moreover, the Na+(K+)/H+ exchanger ubiquitous to all 

cells and regulating compartmental osmolytes, volume and pH [193] has been demonstrated 

to be important for the fusion of multivesicular bodies with vacuoles, the last step of the 

endocytic pathway [194]. Deletion of the exchanger disturbed the fusogenicity of the 

multivesicular bodies. By contrast, heterofusion of sodium/proton transporter-negative 

vacuoles with wildtype multivesicular bodies was similar to heterofusion between wildtype 

organelles [194].  

During the study of cell-virus fusion, a plethora of viral proteins has been identified as 

fusogens. In particular, two prominent fusogenic proteins, namely syncytin-1 and syncytin-2, 

have been deeply investigated in cell fusion. Acquired during evolution as envelope gene 

from a retrovirus by a mammalian host, both proteins are involved in the fusion process of 

placental trophoblasts to syncytiotrophoblasts. Whereas syncytin-1 is encoded by the 

envelope gene of human endogenous retrovirus (HERV-W), syncytin-2 is encoded by the 

HERV-FRD retroviral gene [195]. Both proteins exert their fusogenic potential together with 

their appropriate receptors. The human sodium-dependent neutral amino acid transporters 

type 1 and 2 (ASCT-1 and ASCT-2) can serve as receptors for syncytin-1 [196]. 

Alternatively, the major facilitator superfamily domain containing protein-2A (MFSD-2A) 

represents a multi-spanning membrane protein and functions as receptor for syncytin-2 [197]. 

In addition to the involvement of trophoblast fusion, syncytin-1 and syncytin-2 have been 

identified as regulators for cancer-cancer and cancer-endothelial cell fusion. Down-regulation 

of syncytin-1 inhibited fusion of MCF7 and MDA-MB-231 breast cancer cells with 
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endothelial cells [198]. Likewise, activation of syncytin-2 and MFSD-2A expression in MCF7 

breast cancer cells facilitated MCF7 cell fusion [199]. 

Further proteins stimulating fusion of cells are represented by OC- (osteoclast-stimulatory 

transmembrane protein) and DC- (dendritic cell-specific transmembrane protein) stamp 

promoting the fusion of mononuclear osteoclast precursors or macrophages to multinucleated 

osteoclasts and giant cells, respectively [169, 200]. By contrast, the fusion of sperm and egg is 

mediated by sperm-localized IZUMO1 in cooperation with egg-derived tetraspanin CD9 

which might cooperate with additional proteins like integrins and 

glycosylphosphatidylinositol (GPI)-anchored proteins [201]. Of interest, members of the 

ADAM (a disintegrin and metalloproteinase domain) family have been correlated to both 

physiological cell fusion processes, sperm-egg-fusion and multinucleation of osteoclast 

precursors and macrophages [202]. 

Nevertheless, it seems more likely that an orchestrated network of proteins, lipids and soluble 

factors mediates the fusion of two adjacent cells generating hybrid cells. Indeed, there is 

increasing evidence that adhesion proteins together with lipid rafts and rearrangement of the 

actin cytoskeleton are prerequisite for cellular fusion processes [189, 190, 203, 204]. For 

instance, despite the presence of cell-cell adhesion disruption of lipid rafts (areas on plasma 

membrane abundant of sphingolipids and cholesterol) by sequestering cholesterol inhibited 

the fusion of osteoclasts [205].  

Overall, the initial steps of cell-cell fusion can be summarized into two parts. Firstly, fusing 

cell partners require the expression of transmembrane fusogenic proteins and secondly, a fully 

functional actin cytoskeleton is necessary for an active driving force generating membrane 

protrusions such as lamellipodia and filopodia for the promotion of cell fusion [190]. 

 

1.5.2 Fusion stimulating soluble factors and pro-fusogenic conditions 

In addition to membrane-bound proteins, lipids, and actin cytoskeleton rearrangements, 

soluble factors, particularly cytokines, impact cell fusion by exertion of pro-fusogenic 

functions. Mainly described in the formation of osteoclasts or giant cells are cytokines like 

e.g. IFN-γ, IL-3, IL-4, IL-6 or TNF-α which have been discussed to stimulate cell fusion 

[206-209]. 
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Certain microenvironmental conditions might impact the cell fusion rate including hypoxia, 

low pH and apoptosis. Hybrid cell formation between MSC and various breast cancer cell 

lines such as MDA-MB-231 and MCF10A could be increased during hypoxic conditions 

(2% O2, 5% CO2, and 93% N2) in contrast to normoxic conditions with 21% of oxygen. 

Moreover, apoptosis-enhanced cell fusion by treatment with a caspase inhibitor lowered cell 

fusion whereas incubation with apoptotic cells increased the cell fusion rate [188]. Especially, 

viral mediated cell-to-cell fusion has been demonstrated to depend on pH. The majority of 

studies reports an increase in fusion under acidic / low pH conditions [210, 211]. 

Even though these various factors and specific conditions have been described to enhance cell 

fusion, an explanation about the detailed mechanism how cell fusion is regulated is still 

missing. 
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1.6 Aim of doctoral thesis 

The observations that direct and indirect crosstalk between MSC and cancer cells, in 

particular breast cancer cells, leads to bidirectional alterations in phenotype and function is 

more than accepted although the outcome of these interactions, whether they contribute to 

tumorigenesis or they inhibit tumor growth, is still controversially discussed. 

However, one of these occurring interaction types is represented by cell fusion, a rare event, 

which has been demonstrated in several publications. Thereby, merging of MSC with cancer 

cells ended up in hybrid cells which acquired characteristics from both parental cell 

populations. 

Nevertheless, profound suggestions about potential cellular mechanisms underlying MSC-

cancer cell fusion are missing. In addition, characterization and functional studies of hybrid 

cells are scarce. 

Therefore, the aim of the doctoral thesis was on the one hand to better characterize the hybrid 

cells resulting from fusion between human umbilical cord-derived MSC with different breast 

(and ovarian) cancer cells with regard to their proliferation potential, chromosomal stability, 

stem cell marker expression, their ability to induce primary tumor growth in vivo and their 

responsiveness to chemotherapeutics. On the other hand, the mechanisms underlying MSC-

cancer cell fusion should be investigated for potential involvement of established fusogens 

and other factors. 

A detailed characterization of hybrid cells in combination with potential cellular mechanisms 

of cell fusion might help to further describe the role of mesenchymal stem cells during 

tumorigenesis. 
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2. Publications 

This thesis is based on the publications listed below. All publications were accepted in peer 

reviewed journals except for 2.4 which has been submitted for revision. 

The publications are attached in the following sections: 

 

2.1 In vitro fusion of normal and neoplastic breast epithelial cells with human 

mesenchymal stroma/stem cells partially involves tumor necrosis factor receptor 

signaling. 

Melzer C, von der Ohe J, Hass R. 

Stem Cells. 2018 Mar 23. doi: 10.1002/stem.2819. [Epub ahead of print] 

 

2.2 Enhanced metastatic capacity of breast cancer cells after interaction and hybrid 

formation with mesenchymal stroma/stem cells (MSC). 

Melzer C, von der Ohe J, Hass R. 

Cell Commun Signal. 2018 Jan 5;16(1):2. doi: 10.1186/s12964-018-0215-4. 

 

2.3 MSC stimulate ovarian tumor growth during intercellular communication but 

reduce tumorigenicity after fusion with ovarian cancer cells. 

Melzer C, von der Ohe J, Hass R. 

Cell Commun Signal. 2018 Oct 13;16(1):67. doi: 10.1186/s12964-018-0279-1. 

 

2.4 In vivo cell fusion between mesenchymal stroma/stem-like cells and breast cancer 

cells.  

Melzer C, von der Ohe J, Hass R. 

Manuscript  
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2.1 In vitro fusion of normal and neoplastic breast epithelial cells with human 

mesenchymal stroma/stem cells partially involves tumor necrosis factor receptor 

signaling 

 

 

 

Catharina Melzer, Juliane von der Ohe and Ralf Hass 

 

 

published in 

Stem Cells 

2018 Jul;36(7):977-989. 

doi: 10.1002/stem.2819. 

Epub 2018 Mar 28. 

 

Author contribution statement: 

Catharina Melzer (CM) performed the experiments (Fig. 1, 2, 3B-D, 4, 5B-D, 6B, 7 and 

table 1) and analyzed the data. CM co-wrote the manuscript. 
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the data. CM critically read and approved the final manuscript. 
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In vivo cell fusion between mesenchymal stroma/stem-

like cells and breast cancer cells 

Catharina Melzer 1, Juliane von der Ohe 1 and Ralf Hass 1,* 

1 Biochemistry and Tumor Biology Lab, Department of Obstetrics and Gynecology, Hannover Medical School 

* Correspondence: hass.ralf@mh-hannover.de Tel.: +49-511-532-6070 

Abstract: Cellular communication within the tumor microenvironment enables important 

interactions between cancer cells and recruited adjacent populations including mesenchymal 

stroma/stem-like cells (MSC). These interactions were monitored in vivo following co-injection of 

GFP-labeled human MSC together with mcherry-labeled MDA-MB-231 breast cancer cells in 

NODscid mice. Within 14d of tumor development the number of initially co-injected MSC had 

significantly declined and spontaneous formation of breast cancer/MSC hybrid cells was observed by 

appearance of double fluorescing cells. This in vivo fusion displayed a rare event and occurred in 

less than 0.5% of the tumor cell population. Similar findings were observed in a parallel in vitro co-

culture. Characterization of the new cell fusion products obtained after two consecutive flow 

cytometry cell sorting and single cell cloning revealed two populations, termed MDA-hyb3 and 

MDA-hyb4. The breast cancer fusion cells expressed both, GFP and mcherry and displayed more 

characteristics of the MDA-MB-231 cells than of the parental MSC. While little if any differences were 

determined in the proliferative capacity, a significant delay of MDA-hyb3 cells in tumor formation 

was observed when compared to the parental MDA-MB-231 cells. Moreover, MDA-hyb3 cells 

developed an altered pattern of distant organ metastases. These findings demonstrated in vivo and 

in vitro fusion with the development of new breast cancer hybrid cells carrying altered tumorigenic 

properties and contributing to progressively increasing tumor heterogeneity. 

 

Keywords: in vivo fusion; cancer hybrid cells; mesenchymal stem cells; breast cancer; metastases; 

tumor microenvironment 

 

1. Introduction 

Cell fusion in general represents a rare biological process which requires close proximity between 

fusogenic cell partners and is tightly regulated by multiple pathways which, however, are not fully 

understood yet [1]. This process of hybrid cell formation besides entosis or cell cannibalism is 

associated with a proper alignment of certain glycoproteins and a permissive lipid composition of the 

involved parts of the cell membranes to facilitate the initiation of a fusion event. Moreover, an 

acidified and hypoxic microenvironment detectable in several tumors can act as fusogenic triggers for 

aberrant spontaneous cell fusion or a so-called process of “accidental cell fusion” [2, 3]. Indeed, 

previous work has demonstrated that hypoxia-induced apoptosis stimulates fusion between breast 

cancer cells and mesenchymal stroma/stem-like cells whereby the newly formed hybrids 

demonstrated enhanced migratory capacity [4]. Physiologically observed cell fusions include the 

generation of muscle fibers by a continuous homo- or autofusion of myoblasts to form multi-nucleated 

myocytes. Moreover, autofusion of osteoclasts contribute to bone regeneration and metabolic activity. 

Furthermore, fusion of fetal trophoblasts create syncytiotrophoblasts which are involved in placenta 

formation. In addition, heterofusion between egg and sperm combines their haploid gamete genomes 

and form a diploid embryonic stem cell [5, 6].  

Cell fusion also occurs within the tumor microenvironment between cancer cells and neighboring 

non-malignant cells including MSC [7, 8].  These stroma/stem-like cells represent a heterogenous 

population preferentially residing in perivascular niches of nearly all kinds of human tissues [9, 10]. 

Despite biological differences according to their tissue-specific origins, MSC share distinct surface 
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protein expressions such as CD73, CD90, and CD105, and they exhibit the capability to differentiate at 

least along certain phenotypes of the mesodermal lineage [11-14]. Physiological functions of MSC 

include among others the regulation of stem cell homeostasis in the bone marrow and an 

accumulation at damaged or injured tissues to utilize repair processes [15], support angiogenesis [16] 

and modulate immune cell functions [17], preferably also at tumor sites. 

Interaction between cancer cells and MSC in the tumor microenvironment represents a complex 

multistep cascade whereby an accidental merger e.g. between breast cancer cells and MSC as a rare 

event can be observed within less than five minutes [18]. This is associated with the generation of 

cancer hybrid cells displaying new cancer cell populations with altered biological properties [19, 20]. 

Molecular mechanisms of cell fusion processes include a reorganization of the actin cytoskeleton 

by different adhesion molecules to generate membrane structures with appropriate accumulation of 

transmembrane fusogenic proteins [21, 22]. Focal membrane protrusions containing lamellipodia 

and/or filopodia allow the two adjacent cell membranes to localize in close proximity, whereby 

contacts create microdomains that favor exchange of membrane patches and cytosolic parts between 

the attached cells. Moreover, certain cell type-specific fusogenic proteins are required, e.g. syncytin-1 

and -2 which originate as truncated viral genes such as the HERV-W retroviral envelope genes [23] 

and are predominantly detectable in syncytiotrophoblasts of placenta tissue but also in certain solid 

tumors [18]. Previous findings have demonstrated that heterofusion of breast cancer cells with 

endothelial cells involves endothelial cell associated ASCT2 (alanine, serine and cysteine selective 

transporter-2) which functions as a syncytin receptor present on breast cancer cells [24].  

However, the underlying regulatory interplay and physiological relevance for hybrid cell 

formation by spontaneous breast cancer cell fusion with MSC remains unclear. The present work 

extends existing knowledge about the in vitro data by providing evidence for breast cancer / MSC 

fusion in vivo. Moreover, newly generated hybrid cell populations from previous fusion processes 

between human breast cancer cells and MSC are characterized. 

 

2. Materials and Methods 

Cell culture 

Primary human MSC were isolated from umbilical cord tissue as described previously [25]. MSC 

were cultured at 37 °C with 5 % CO2 in αMEM (Sigma Chemie GmbH, Steinheim, Germany) 

supplemented with 10 % of allogeneic human AB-serum (blood from 31 male AB donors was 

commercially obtained from blood bank, Hannover Medical School, Germany, and processed to 

serum), 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (Sigma). The study was 

conducted in accordance with the Declaration of Helsinki, and the Ethics Committee of Hannover 

Medical School has approved the isolation and culturing of primary human MSC, Project #443 on 

February 26th, 2009, and informed written consent was obtained from each patient.  

Subculture of MSC was performed by accutase (Sigma) treatment for 3 min at 37 °C. For the 

experiments, MSC from two different donors (MSC290115 and MSC300415) were applied. 

 

Human breast carcinoma cell line MDA-MB-231 was commercially obtained from ATCC, 

Manassas, VA, USA. This breast cancer cell line was cultured in Leibovitz´s L-15-medium (Life 

technologies, Darmstadt, Germany) supplemented with 10% (v/v) FCS, 100 U/mL penicillin, 100 

µg/mL streptomycin and 2 mM L-glutamine (Sigma). Subculture was performed by trypsin/EDTA 

(Biochrom GmbH, Berlin, Germany) treatment for 5 min at 37°C. 

 

Cells were tested for mycoplasma by the luminometric MycoAlert Plus mycoplasma detection kit 

(Lonza Inc., Rockland, ME, USA) according to the manufacturer’s recommendations. Cell line 
authentication was performed by short tandem repeat (STR) fragment analysis using the GenomeLab 

human STR primer set (Beckman Coulter Inc., Fullerton, CA, USA). For fluorescence labeling and 

discrimination of the cell populations in co-culture, MSC and the cancer cells have been transduced 
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with a 3rd generation lentiviral SIN vector containing the eGFP and the mcherry gene, respectively, as 

indicated in previous work [20]. 

 

In vivo experiments 

Animal experiments using NOD/scid mice have been approved by the institutional licensing 

committee ref. # 33.19-42502-04-15/1992 on Dec. 18th, 2015 and were performed by obeying the 

internationally recognized guidelines on animal welfare. 

 

In a first set of in vivo experiments, 2x106 GFP-labeled MSC300415GFP together with 2x106 cherry-

labeled MDA-MB-231cherry were co-injected subcutaneously into 5 female NOD/scid mice (5 to 6 weeks 

old), respectively. After 4d post injection, all 5 mice had developed subcutaneous tumors. Mice were 

sacrificed by cervical dislocation at different time points, 4d, 8d, 14d, 45d and 51d post injection. 

Tumors developed after 8d and 14d were dissected, washed in PBS and incubated in tumor 

dissociation buffer (a mixture of 50% (v/v) reconstituted tumor dissociation enzyme reagent (DCS 

Innovative Diagnostik-Systeme GmbH, Hamburg, Germany) and 50% (v/v) serumfree medium) for 5h 

at 37°C. Liberated cells from digested tumor tissue in the supernatant were harvested by 

centrifugation (360g/5min), counted in a hemocytometer, and analyzed by flow cytometry.  

In parallel to the in vivo study, a similar 2D in vitro co-culture of MSC300415GFP and MDA-MB-

231cherry (same cell ratio) was performed for 8d and 14d, respectively. Organs from mice sacrificed after 

45d and 51d were analyzed for metastasis by fluorescence microscopy.  

 

In a second set of in vivo experiments, 1x106 MSC290115GFP together with 1x106 MDA-MB-231cherry 

cells were co-injected subcutaneously into the left and the right flank of 3 female NOD/scid mice (5 to 

6 weeks old). After 7d post injection, all 3 mice had developed subcutaneous tumors on both sides. 

Mice were sacrificed by cervical dislocation 14d after cell co-injection. All tumors were dissected, 

washed in PBS and incubated in tumor dissociation buffer for 5h at 37°C. Liberated cells from 

digested tumor tissue in the supernatant were harvested by centrifugation (360g/5min), counted in a 

hemocytometer, documented by fluorescence microscopy, and analyzed by flow cytometry.  

 

In a third in vivo experiment, a population of 1x106 MDA-hyb3GFP/cherry cells was injected 

subcutaneously into the left and the right flank of 3 female NOD/scid mice (5 to 6 weeks old) and 

tumor development was compared to 1x106 MDA-MB-231GFP similarly injected on both sides of 2 

female NOD/scid mice. Tumor progression of MDA-hyb3 tumor was measured using a digital caliper 

(VWR International) and corresponding tumor volumes (V) were calculated as previously described 

[26]. Organs from mice sacrificed after 48d with MDA-MB-231GFP tumors and after 70d with MDA-

hyb3GFP/cherry-induced tumors were analyzed for metastasis by fluorescence microscopy. 

 

Flow cytometric analysis 

For detection and quantification of in vivo-generated hybrid cells, flow cytometry analysis was 

performed by using the LSRII (BD Bioscience) and FlowJo V10 analysis software.  

 

Proliferation measurement by fluoroskan assay 

Proliferation of MDA-hyb3GFP/cherry and MDA-hyb4GFP/cherry was analyzed by fluoroskan 

measurements as described previously [27]. Briefly, 1,000 cells/well were incubated in flat bottom 96-

well plates (Nunc, Thermo Fisher Scientific, Rokslide, Denmark) at appropriate time points for 24h up 

to 96h. After removal of the medium supernatant, cells were lysed with 10% (w/v) SDS and 

fluorescence was measured by detection of fluorescence intensity of mCherry (excitation: 584nm, 

emission: 612nm) and eGFP (excitation: 485nm, emission: 520nm) using the Fluoroskan Ascent FL 

(Thermo Fisher Scientific, Schwerte, Germany). 
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Cell cycle analysis 

Analysis of cell cycle distribution was performed as indicated elsewhere [28]. Briefly, 1x105 cells 

were fixed in 70% ice-cold Ethanol at 4°C for 24h. After washing with PBS, fixed cells were stained 

with 500 µL of DNAse-free RNase (200 U/mL) and 500 µL of propidium-iodide (PI) staining solution 

(500 µL 0.5 mg/mL propidium iodide in 10mL PBS + 100 µL Trition-X-100) at room temperature 

protected from light for 30 min and subsequently analyzed by FACScalibur (BD Biosciences) and 

FlowJo V10 analysis software. 

 

Transcript analysis by RT-PCR 

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany) according to 

manufacturer´s instructions. One µg RNA was reverse transcribed into cDNA using 500 µM of dNTP 

(R0193), 5 µM Oligo(dT)18 primer (S0132), 5 µM Random Hexan primer (S0142), 1 U RiboLockTM 

RNase Inhibitor (E00381) and 5 U RevertAidTM M-MuLV Reverse Transcriptase (EP0441) in the 

supplied reaction buffer (all reagents obtained from Thermo Scientific, Schwerte, Germany). The 

cDNA reactions were performed for 10 min at 25°C followed by 1h at 37°C and stopped at 72 °C for 10 

min. cDNA (2.5µl) was used as a template and amplified by PCR with following specific primers 

(customized by Eurofins, MWG GmbH, Ebersberg, Germany) as described previously [19]. 

3. Results 

In vivo co-injection of MSC300415GFP with MDA-MB-231cherry demonstrated tumor development 

already after 4 days (Fig. 1A). Tumor weight of 44 mg after 4d increased to 743 mg after 51d post 

injection (Fig. 1A+B). Distant organ metastases in liver, heart, lung, spleen or brain remained 

undetectable whereas metastasized mcherry-positive fluorescing cancer cells exclusively appeared in 

kidney sections of the two mice after 45 and 51 days post injection (Fig. 1C). Of interest, these 

metastases demonstrated only mcherry fluorescence without any traceable GFP fluorescence. This is 

also supported by fluorescence microscopy demonstrating that in parallel to the increasing tumor 

development, the amount of detectable MSCGFP decreased over time (Fig. 1D). Indeed, after initiating 

the 2D in vitro co-culture and the 3D in vivo co-injection with both cell populations in equal amounts, 

fluorescence microscopy images of tumor tissues from mice sacrificed after 4, 8 and 14 days clearly 

documented the decline of cells expressing GFP fluorescence (Fig. 1D, middle and lower panel). 

Concomitantly, the amount of cherry fluorescence was continuously increasing over time. These in 

vivo observations were substantiated by 2D in vitro co-cultures with decreasing numbers of GFP-

expressing MSC (Fig. 1D upper panel).  
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Alternatively, more close and direct interaction of cancer cells with adjacent neighboring cell 

populations such as immune cells, adipose tissue cells, endothelial cells or local tissue-associated MSC 

involve nanotube formation, trogocytosis, or cell fusion including cannibalism or entosis. Spontaneous 

or accidental cell fusion between neoplastic breast epithelial cells and MSC represents a rare event 

while the fusion process itself occurs rapidly within a few minutes [18]. Successful cell fusion with the 

generation of viable hybrid cells requires a coordinated chromosomal restructure and a coherent 

nuclear rearrangement and reprogramming [34, 35]. Otherwise, cell fusion and associated post-fusion 

selection processes can generate aneuploidy, chromosomal instability, and DNA damage, all of which 

cause multiple genetic changes including genetic aberrations and a potentially neoplastic 

development [6, 36]. Indeed, previous work suggested that natural progression of cancer is 

accompanied by cell fusion between cancer cells and non-tumorigenic adjacent cells leading to 

massive genomic alterations, enhanced clonal diversity and thus, increasing tumor heterogeneity [37]. 

Consequently, detection of mcherry and GFP double fluorescing breast cancer fusion cells in vivo add 

to the tumor heterogeneity and may contribute to facilitated development of distant tissue metastases 

which is also supported by the findings of Chitwood et al. [38].  

 

The generation of new cancer hybrid populations in breast cancer [4, 18, 19, 38] and ovarian 

cancer [39] was documented by cellular fusion with interacting MSC. In addition, previous work has 

demonstrated that spontaneous fusion of certain human breast epithelial with breast cancer cells 

generated five different hybrid populations exhibiting cancer stem cell-like properties [40]. Although 

distinct stem cell markers are also acquired during heterotypic fusion of breast or ovarian cancer cells 

with MSC, the resulting hybrid populations displayed altered or reduced tumorigenic potential. While 

recent studies demonstrated enhanced tumor growth and formation of metastases in fusion 

populations of MDA-MB-231 breast cancer with human MSC051212, termed MDA-hyb1 and MDA-

hyb2, these tumor hybrid populations had acquired increased sensitivity to various chemotherapeutic 

compounds in contrast to their parental breast cancer counterparts [19]. The presently new established 

MDA-hyb3 and MDA-hyb4 breast cancer hybrid populations were derived after fusion with MSC 

from a different donor (MSC290115) whereby MDA-hyb3 cells displayed retarded tumor development 

and reduced metastatic potential unlike the parental MDA-MB-231 cells. These findings indicate 

overall increased tumor heterogeneity, however, the involvement of MSC in these fusion processes 

reflects certain physiologically beneficial contributions e.g. by elevated drug response [41] and/or 

reduced tumorigenicity of the cancer hybrid cells. Indeed, this conclusion is also supported by in vivo 

data obtained with the SK-OV-3 / MSC fused ovarian cancer hybrid populations SK-hyb1 and SK-

hyb2 demonstrating that the ovarian cancer fusion cells had completely lost the capacity of tumor 

formation [39]. While molecular signaling mechanims remain to be elucidated, these findings further 

underscore the heterogenic and diverse functionalities of in vivo MSC during tumor development by 

direct and/or indirect interaction including fusion with cancer cells. 
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3. Summary and discussion of results 

Human life begins by fusion of a sperm cell with an egg and is continued by more cell fusions 

including the fusion of fetal trophoblasts to syncytiotrophoblasts during the placenta 

formation, the fusion of myoblasts to multinucleated muscle fibers, or the generation of giant 

cells by macrophage fusion. As this merging of cell membranes occurs under physiological 

conditions during development, cell fusion processes must be tightly regulated [181, 212]. 

Despite the crucial importance of physiological fusion events, the formation of hybrid cells 

under pathophysiological conditions and during disease plays an equally relevant role. 

Especially the role of cancer cell autofusion involving two cancer cells as well as heterofusion 

of cancer cells with non-cancer cells during tumor development and tumorigenesis is of 

interest. Although previous work identified some fusogenic factors including syncytin-1 

and -2, OC- and DC-stamp or soluble cytokines [169, 195-197, 200], firstly, the molecular 

mechanisms underlying cancer cell fusion still need to be unraveled and secondly, the role of 

the generated hybrid cells by cell fusion in conjunction with their characteristics and functions 

needs to be further investigated to estimate their impact on tumor heterogeneity. 

 

The focus of this thesis therefore addresses the role of MSC during tumor development by 

their fusion with cancer cells and aims to unveil distinct factors that mediate cell fusion 

events.  

 

3.1 MSC fuse with breast (and ovarian) cancer cells in vitro and in vivo 

The fusion of MSC with cancer cells has been demonstrated in several tumor entities like 

breast, ovarian, gastric and lung cancer in vitro [158, 161-164]. However, there exist various 

methods to observe cell fusion events whereby all methods use fluorescence-based systems to 

track MSC-cancer interactions comprising Cre-LoxP recombination techniques, bimolecular 

fluorescence complementation, or the distinct fluorescent labeling of interacting cell partners 

[161, 163, 188, 213]. In this doctoral thesis, stably lentiviral transduced MSC with eGFP and 

cancer cells with mCherry were used for hybrid cell formation studies. Of interest, cell fusion 

events between GFP-labeled MSC and cherry-labeled benign MCF10A or red dye-labeled 

normal HMEC were documented by time lapse fluorescence video microscopy. Membrane 

fusion is thought to proceed in three steps: inter membrane contact, lipid mixing with pore 

opening and mixing of inner contents [214]. Although interactions between MSC and cancer 

cells contain various direct and indirect types taking place over longer periods of time [143, 
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158, 161], the actual hybrid cell formation whereby MSC membranes fused with normal and 

neoplastic breast epithelial membranes was observed within a very short time frame, mainly 

within less than 5 minutes suggesting merging of two interacting membranes as rapid event. 

Cell fusion may be a result of cannibalism or so-called entosis which has been demonstrated 

by breast cancer cells engulfing MSC with subsequent degradation of the entosed cell 

including the genome [215]. However, entosis can be excluded from the observed events 

since time lapse fluorescence video microscopy documented a homogenous distribution of 

GFP and cherry which was later verified by the characterization of different hybrid clones that 

acquired genomic parts from both parental cell partners. Moreover, the time frame of cell 

fusion is in concordance with a recent publication that quantified cell fusion products albeit 

among lymphocytes between 3 and 8 minutes after stimulation with PEG (polyethylene 

glycol) [216]. In addition to the fusion of normal and neoplastic breast epithelial cells with 

MSC, co-cultures of MSC with various malignant breast cancer cells including HBCEC, 

MCF7 and MDA-MB-231, or with ovarian carcinoma cells like SK-OV-3 resulted in 

spontaneous hybrid cell formation as well substantiating the general occurrence of MSC-

cancer cell fusion. Since these events have been shown in vitro in a 2D culture model which 

might not necessarily reflect the in vivo situation, co-injection of GFP-labeled MSC with 

cherry-labeled MDA-MB-231 breast cancer cells in NODscid mice demonstrated the 

appearance of dual fluorescent cells in a 3D approach. Of interest, the percentage of 3D in 

vivo fusion events was similar to the observed 2D in vitro fusion products accompanied by a 

progressive decline of MSC and by tremendously overgrowing cancer cells. Thus, hybrid cell 

numbers were only detectable in the presence of MSC. These data are in line with previous 

reports that were able to record in vivo fusion events, for instance the fusion of mouse stromal 

cells with breast cancer cells, macrophages with tumor cells, the fusion of MSC with mouse 

cells in the murine heart or the fusion of melanoma cells and non-cancer cells [217-220]. 

Likewise, a very recent publication proposed the occurrence of MSC murine mammary cancer 

cell fusion in vivo with a higher number of hybrids in metastases [221].  

Consequently, these findings of MSC-cancer cell fusion which takes place in vitro and in vivo 

substantiate the contribution of MSC to tumor heterogeneity. To what extent these intimate 

direct interactions impact tumor growth and tumorigenesis was further investigated. 
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3.2 MSC promote ovarian tumor growth in vivo 

Due to the fact that MSC are involved in tissue repair and wound healing, MSC are also 

attracted and migrate towards tumors which can be regarded as invasive tissues causing an 

inflammatory microenvironment [94, 143].  

In co-cultures in vitro, MSC promote and enhance proliferative potential of breast and ovarian 

tumor cells [158, 222]. In addition, previous work also reported growth-inhibitory effects of 

MSC on cancer cell proliferation [223]. Of interest, one publication demonstrated on the one 

hand inhibitory effects of MSC on various tumor cell lines of hematopoietic and non-

hematopoietic origin in vitro and on the other hand the MSC-mediated promotion on tumor 

growth in vivo proposing the ability of MSC to contribute to a cancer stem cell niche 

formation in vivo facilitating cancer cell proliferation [157].  

In the present thesis, in vivo experiments of co-injected MSC with ovarian SK-OV-3 

carcinoma cells resulted in elevated primary tumor growth accompanied by metastasis 

formation in contrast to injection of ovarian cancer cells alone. These data are substantiated 

by the presence of MSC in human ovarian tumor samples increasing tumor growth whereby 

these MSC exhibited altered properties and were therefore described as carcinoma-associated 

MSC (CA-MSC). Moreover, CA-MSC were suggested to promote tumor growth by raising 

the number of cancer stem cells [224]. Since in vivo results showed a progressive decrease of 

MSC with an overgrowing of cancer cells, it seems likely that co-injected MSC boosted 

ovarian tumor growth only initially via different types of interaction. 

Likewise, explant SK-OV-3 tumors of mono- and MSC co-cultures exhibited higher 

chemoresistance in contrast to original SK-OV-3 cultures. In particular, 1µM of taxol 

(paclitaxel) which is used in combination with cis- or carboplatin for the treatment of ovarian 

cancer patients showed significant inhibitory effects on original SK-OV-3 in contrast to 

reduced effects on explant cultures. Protection of MSC on ovarian carcinoma cells during 

drug treatment was recently observed with the small cell carcinoma of the ovary 

hypercalcemic type (SCCOHT-1) [225]. Furthermore, during carboplatin treatment elevation 

in IC50 of ovarian cancer cell lines SK-OV-3, OVCAR-3 and IGROV-1 was achieved in the 

presence of MSC [226] and CA-MSC promoted chemoresistance to CAOV3 ovarian 

carcinoma cells [227] substantiating protective effects of MSC on ovarian tumor cells. 

Concomitant with MSC-mediated enhanced ovarian cancer proliferation these data claim a 

tumor-promoting role of MSC. 
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3.3 MSC-cancer cell fusion represents a rare event 

Apart from the actual fusion process which proceeded within less than 5 minutes, the 

appearance of dual fluorescent cells was already observed after 24h after co-culturing (MSC 

with HMEC, MCF10A, MCF7, HBCEC, or MDA-MB-231, respectively) which is in 

accordance with a variety of other studies [158, 161, 162, 188]. Interestingly, the amount of 

dual fluorescent cells that was analyzed between 24h and 96h consisted of less than 2 % 

strengthening the rareness of this event. Similar percentages were gained in other studies with 

a quantification after 24h and 48h, respectively. Spontaneous fusion of gastric cancer cell with 

human umbilical cord-derived MSC showed around 1.1 % [162] and fusion of breast cancer 

cell lines with breast epithelial cells resulted in less than 0.5 % [213]. However, both studies 

could increase the amount by PEG to more than 4% in MSC-gastric cancer fusion and about 

2% in breast cancer-breast epithelial cell fusion. Older publications reported a fusion 

frequency in tumors with around 1% [228-230]. 

Nevertheless, the percentage of dual fluorescent cells in this thesis was time-dependent and 

much higher in benign MCF10A-MSC co-cultures in contrast to malignant MDA-MB-231-

MSC co-cultures, though contrary to a recent publication [188]. Time-dependency can be 

explained by the initial cell density of co-culturing. As observed in time lapse fluorescence 

video microcopy MSC and breast cancer cells need to be in close proximity for a potential 

cell fusion. Starting with a very low cell density, co-cultures will need more time to come into 

close proximity in comparison to co-cultures with a high cell density already harboring the 

requirement for a potential direct interaction. Thus, a medium cell density was chosen to be 

able to detect dual fluorescent cells after 24h. From 24h up to 96h the number of hybrid cells 

was continuously growing, however, the parental cell types were proliferating much faster in 

an exponential manner giving an explanation for the overall numerical decrease in the 

percentage of hybrid cells after 72h due to the ability of only a small fraction of hybrid cells 

to proliferate. The difference of hybrid cell formation between benign (2%) and malignant 

(<0.5%) co-cultures may result from various sources and has not been addressed in other 

publications so far. Since all co-cultures were incubated with MSC, the discrepancy likely 

originates from the diverse breast cancer cell partners (MCF10A, MDA-MB-231, MCF7). 

Based on lacking knowledge of the mechanisms underlying cell fusion, it can only be 

speculated why co-cultured benign MCF10A cells give rise to higher numbers of hybrid cells 

in contrast to malignant breast cancer cells. Aside the distinct soluble factors secretion profile 

which might stimulate MSC in various ways and the differential expression of potential 
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fusogens also represented by e.g. more than 4,000 up- and 3,000 downregulated transcripts in 

MDA-MB-231 versus MCF10A by microarray analysis, one possible explanation lies in the 

karyotype of the breast cancer cells. While MCF10A cells are nearly diploid with 48 

chromosomes, MDA-MB-231 are near triploid and MCF7 are even hypertriploid to 

hypotetraploid suggesting already the possibility of previous fusion events. Although cancer 

is caused by the accumulation of mutations and hallmarks of cancer include sustaining 

proliferative capacity, evasion of apoptosis, angiogenesis, invasion and metastasis [231], 

previous work proposed cell fusion as another cause for tumor development since it induces 

mutations and aneuploidy by genomic instability [232]. Thus, regarding aneuploid 

MDA-MB-231 and MCF7 cells as populations that putatively arose by cellular fusion, 

neoplastic MCF10A cells with a near diploid karyotype are likely in a more fusion permissive 

state representing the pre-stage of cancer development. This hypothesis also provides an 

explanation for the distinct amounts of hybrid cell formation in autofusion which was the 

highest among MSC, followed by MCF10A and MDA-MB-231 and no detectable autofusion 

events among MCF7. The large disparity between hetero- and autofusion being 10- to 50-fold 

higher in hetero co-cultures indicates the involvement of distinct molecular signals between 

the fusion partners.  

 

3.4 MSC-cancer cell fusion gives rise to more aggressive, but also to non-

tumorigenic hybrid cells 

In contrast to indirect interactions such as the exchange of soluble factors and extracellular 

vesicles and direct interactions like the transfer of small molecules and organelles via gap 

junctions and nanotubes, cellular fusion enables the exchange of DNA possibly leading to an 

altered genotype with newly acquired functional properties contributing to elevated tumor 

heterogeneity [220].   

A repeated fluorescence-activated cell sorting (FACS) of these dual fluorescent cells followed 

by single cell cloning resulted in the isolation of distinct hybrid cell clones which were named 

according to their parental cell types. MDA-hyb1, MDA-hyb2, MDA-hyb3 and MDA-hyb4 

were generated from fusion of MSCGFP with malignant MDA-MB-231cherry breast cancer cells 

whereby hyb1 and hyb2 were produced from MSC051212GFP and hyb3 and hyb4 from 

MSC290115GFP, respectively. The two hybrid clones MCF10A-hyb1 and MCF10A-hyb2 

arose from fusion of neoplastic MCF10Acherry with MSC060616GFP. Hybrid cell formation 
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between SK-OV-3cherry and MSC081113GFP later led to SK-hyb1 and SK-hyb2. Interestingly, 

the isolation and expansion was accompanied by a post-fusion selection process involving 

nuclear fusion followed by chromosomal rearrangement from hetero- to synkaryons (loss and 

re-sorting of chromosomes) and cell death of clones due to chromosomal instability, DNA 

damage and aneuploidy [233-235]. This is demonstrated by the high number of more than 

5,400 clones which were derived after FACS of co-cultures between MDA-MB-231cherry and 

MSC290115GFP. Indeed, only a small amount of these initially sorted clones was able to 

proliferate whereby the rest failed to transit from hetero- to synkaryons and was unable to 

overcome chromosomal rearrangements, respectively. These data are supported by the 

hypothesis of Duelli and Lazebnik who suggested that the majority (99%) of fusion cells will 

die or remain in a quiescent state whereas only 1% of hybrid cells will proliferate and exhibit 

new properties probably encompassing metastatic potential, a higher proliferation rate and 

drug resistance [236]. Thus, it can be proposed that cell fusion implicates a two-step fusion 

process that starts with a merging of two adjacent membranes leading to heterokaryons with 

multiple distinct nuclei (≥2) [234]. In a post-fusion selection process merging of the 2 nuclei 

from both parental cell types results in mononuclear hybrid cells that are able to proliferate. 

Remaining heterokaryons do not proliferate and keep multiple nuclei [234]. Therefore, nuclei 

after nuclear fusion consisted of a double chromosomal set 4n (MCF10A-MSC fusion) or 

after fusion of MSC with e.g. MDA-MB-231 of 5n. Consequently, a rearrangement of 

chromosomes gave rise to unique new clones with properties of both parental cell types which 

excluded the possibility of a total loss of one nucleus and rather suggested a mixture and 

rearrangement of chromosomes after nuclear fusion. Indeed, the various established hybrid 

cell lines exhibited an aneuploid karyotype detected by cell cycle analysis, STR fragment 

analysis and karyotype analysis. However, the karyotype did not equal the sum of both fused 

nuclei. All MDA-hybrid cell lines (hyb1 to hyb4) and SK-hyb1 demonstrated a pronounced 

shift to higher fluorescence intensities which correlates to an increased DNA content as 

compared to the parental diploid MSC rendering these hybrids pseudo-triploid. Of interest, 

tetraploidy of normal diploid cells was associated with a more malignant cell type [237] 

strengthening the hypothesis that cancer can arise from cell fusion, but also that aneuploid 

hybrid cells can promote tumor development. 

Moreover, STR fragment analysis of MDA-hyb1 and -hyb2 displayed the acquisition of the 

MSC-derived XY configuration further substantiating the genomic generation of hybrid cells 

with characteristics from both parental cell populations and excluding the possibility of 

entosis [215]. Similar results were observed by microarray analysis of MCF10A-hyb1 
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and -hyb2 that showed expression levels of X- and Y-linked transcripts. The fact that the 

various hybrid cell populations were obtained by initial cell fusion was further confirmed by 

the expression of MSC-derived GFP and cancer cell-derived cherry except for MDA-hyb1 

and SK-hyb1 which lost the eGFP gene during post-fusion selection. As a consequence, it was 

not surprising that the hybrid clones acquired certain MSC-specific stemness markers such as 

CD73, CD90 and CD105 equipping these clones with mesenchymal traits. These more 

mesenchymal characteristics potentially facilitate migration and invasion of the hybrid 

populations which are prerequisite for metastatic spread like in the course of EMT [238-240] 

as for instance confirmed with MDA-hyb1 and -hyb2. 

With regard to the role of MSC on tumorigenesis, plenty of publications investigated the 

proliferative capacity of tumor cells in co-cultures with MSC. Whereas the majority of studies 

attributes a tumor growth promoting role to MSC on breast and ovarian cancer cell lines [145, 

146, 158, 163, 222, 241, 242], some reports also indicate tumor inhibitory effects of MSC 

[148, 223, 243] allocating a dual role to MSC. Albeit to a low percentage, MSC contribute to 

tumor heterogeneity by fusion with cancer cells accompanied by the formation of hybrid cells 

with altered properties. To what extent these hybrid cells could impact tumorigenesis was 

examined by proliferation studies with distinct hybrid cell lines in this thesis. As diverse as 

data of MSC on cancer cell growth are, proliferation capacity of isolated hybrids is similarly 

varying. Interestingly, MDA-hyb1 and -hyb2 were proliferating much faster than the parental 

MDA-MB-231. By contrast, MDA-hyb3 demonstrated little, if any differences in proliferative 

behavior when compared to MDA-MB-231 while the proliferation rate of MDA-hyb4 was 

slightly decreased. Reduced proliferative capacity was observed in SK-hyb1 and -hyb2 as 

well as in MCF10A-hyb1 and -hyb2. Accordingly, fusion of MSC with breast and ovarian 

cancer cells generates hybrid cells with higher and lower proliferative potential. 

Based on previous results announcing the acquisition of higher motility by hybrid cells after 

fusion of breast cancer cells with MSC [161, 188] and based on microarray analysis of 

MDA-hyb1 and -hyb2 suggesting metastatic potential, tumorigenicity of MDA-hyb1, -hyb2 

and -hyb3 as well as SK-hyb1 and -hyb2 was verified in vivo. The results were in line with in 

vitro proliferation studies. In contrast to no detectable tumor growth of SK-hyb1 and -hyb2 

populations, tumor development of MDA-hyb3 was delayed by more than 20 days when 

compared to the parental MDA-MB-231. However, MDA-hyb1 and -hyb2 populations 

significantly enhanced primary tumor growth accompanied by a rapid formation of tumor 

metastases proposing profound elevation in malignancy and breast cancer metastatic potential 
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of MDA-hyb1 and -hyb2. These findings coincide with the hypothesis that cancer cell fusion 

provides an explanation for the cause of metastasis [244]. Moreover, cancer cell fusion has 

been suggested as mechanism for higher chemoresistance [171, 220, 245] and chemotherapy 

has been recently correlated to promote cancer cell hybrid formation [246]. Nevertheless, 

sensitivity to several chemotherapeutics was elevated in MDA-hyb1 and -hyb2 when 

compared to the parental MDA-MB-231. However, these data can be explained by the 

molecular mechanism of chemotherapeutics commonly affecting cell division, in particular 

highly proliferating cells that are in this case represented by hyb1 and hyb2 and to a lesser 

extent by MDA-MB-231. 

The fact that not all, but only a few hybrid cells exhibited increased tumorigenic capacities, 

raises the question why some fusion products display higher malignancies than the others. 

Considering that hybrid cells developed from fusion between MSC and various breast and 

ovarian cancer cell lines followed by nuclear fusion resulting in a mixed genome profile, it is 

unambiguous that some hybrids are equipped with more mesenchymal characteristics while 

others have acquired more cancer cell-like properties. With regard to RNA microarray 

profiling, mRNA expression levels of MDA-hyb1 and -hyb2 were more altered (up- and 

down-regulated) in comparison to parental MSC than versus MDA-MB-231 suggesting the 

parental breast cancer cell as leading cell during cellular fusion which is further confirmed by 

the morphology of MDA-hyb1 and -hyb2 being more epithelial than mesenchymal-like. As 

opposed to this, SK-hyb2 for instance showed slightly less differences in transcript levels 

versus MSC than versus ovarian SK-OV-3 cells and exhibited a rather fibroblast-like 

morphology proposing MSC as leading cell. Thus, it can be speculated that hybrid cells with 

MSC as leading cell during cellular fusion will display anti-tumorigenic properties possibly 

accompanied by a downmodulation of proliferation and cell cycle associated genes with a 

potential senescent phenotype as observed in MCF10A-hyb1 and -hyb2. Consequently, 

cellular fusion with a cancer leading cell will generate hybrid cells with more tumorigenic and 

feasible high invasive and metastatic functions. This theory is substantiated by a recent 

publication whereby less than 1,300 genes were altered between high-tumorigenic hybrids 

versus parental MDA-MB-231 in contrast to more than 5,300 differentially expressed genes 

between these hybrids and the parental MSC [161]. 

Although microarray data of SK-hyb1 assume ovarian cancer SK-OV-3 as leading cell, this 

hybrid population demonstrated decreased proliferation capacity in vitro with no detectable 

tumor development in vivo diminishing that theory. Karyotype analysis revealed a 
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hypertriploid set of chromosomes as compared to diploid MSC and hypodiploid to 

hypotetraploid SK-OV-3 [247]. However, cell cycle analysis manifested a pronounced shift to 

an even higher DNA content of SK-hyb1 when compared to parental SK-OV-3. Therefore, 

this larger set of chromosomes in SK-hyb1 might cause replicative stress giving an 

explanation for the reduced proliferative potential and the non-tumorigenic properties. 

 

3.5 TNF-α increases neoplastic MCF10A-MSC cell fusion 

Certain factors contribute to a fusion-permissive environment including soluble factors, acidic 

pH and hypoxia [188, 206-211]. Moreover, reorganization of the actin cytoskeleton by 

adhesion molecules for the generation of membrane protrusions and the accumulation of 

potential transmembrane fusogens is thought to drive cell fusion [150, 190]. 

Although the prominent fusogenic proteins syncytin-1 and -2 and the appropriate receptors 

have been reported in physiological cell fusion events like the generation of 

syncytiotrophoblasts during the placenta formation [195-197], these fusogenic factors 

demonstrated little, if any involvement on MCF10A-MSC cell fusion after a double-

knockdown (syncytin-1 and ASCT2, syncytin-2 and MFSD2A) assuming differential or 

additional molecular signaling in pathophysiological fusion of MSC with MCF10A.  

Considering the tumor microenvironment which consists of a plethora of soluble factors 

constantly causing an inflammatory milieu, exogenous levels of the pro-inflammatory 

cytokine TNF-α increased the cell fusion rate in a dose-dependent manner suggesting an 

involvement of the appropriate TNF receptors. In particular, TNF receptor 1 (TNFR1) was 

similarly expressed on normal HMEC, in breast cancer cell lines and on various MSC, and a 

knock-down of TNFR1 and TNFR2, respectively, by siRNA abolished the pro-fusogenic 

effect of TNF-α. Of interest, production and release of TNF-α was markedly enhanced in 

MCF10A as compared to MSC proposing that MCF10A-derived TNF-α stimulates TNFR1 

and TNFR2 on MSC for cellular fusion. These data are in accordance with previous findings 

postulating that MSC respond to TNF-α but are not able to release this pro-inflammatory 

cytokine [248]. Moreover, TNF-α stimulated MSC were demonstrated to sequester higher 

levels of chemokines such as CCL2 and CXCL8 [249] and enhance breast cancer metastasis 

[250]. Taking into account that breast cancer cells in culture are known to lose their ability to 

sequester endogenous pro-inflammatory cytokines [249], the detected endogenous TNF-α 
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levels might be even higher in MCF10A, however physiological concentrations of exogenous 

TNF-α were necessary for cell fusion rate elevation (100U/mL equals 5 ng/mL). 

The TNF receptor signaling cascade starts with binding of trimeric TNF-α to mainly TNFR1 

inducing a trimerization of this receptor that triggers association of TNFR1-associated death 

domain protein (TRADD). TRADD in turn can recruit additional adaptor proteins like 

TRAF2, FADD and RIP to forward activation signals though the apoptotic pathway or the 

NF-κB pathway [251, 252]. In addition, TNF-α is also able to activate the c-jun N-terminal 

kinase (JNK1/MAPK8) via TNFR1/2 and TRAF2 [253, 254]. 

Interestingly, a siRNA-mediated knockdown of TRADD in MSC and MCF10A abolished the 

TNF-α-mediated elevation in cell fusion substantiating the necessity of TNFR downstream 

signaling and excluding the possibility that trimerization of the receptors leading to altered 

structural conformation on the cell surface is sufficient. However, interference with 

downstream signaling via siRNA knockdown of p65 (RelA) or JNK1 (MAPK8) did not alter 

TNF-α stimulatory effect on MSC/MCF10A cell fusion indicating the involvement of the 

apoptotic pathway and / or additional NF-κB signaling with a dimer formation without p65 

(RelA). Although the NF-κB pathway leads to anti-inflammatory signals in contrast to the 

caspase activation ending up in apoptosis, it is even feasible that whenever one of the three 

pathways is blocked, pro-fusogenic signals are mediated by the two others interfering with 

each other. These findings are in line with previous results allocating an involvement of 

apoptosis in MSC-breast cancer cell fusion [188] and proposing that MSC upon TNF-α 

stimulation (50ng/mL) or hypoxia secrete growth factors (VEGF, HGF, FGF2) by NF-κB, but 

not by JNK [255]. 

Although TNF-α elevated the amount of hybrid cells in MSC-MCF10A co-cultures, further 

pro-inflammatory cytokines may also contribute to this fusion event as previously 

demonstrated [206-211]. Nevertheless, immune regulatory functions of MSC can interfere 

with potential fusion signals [115, 256].  

Besides TNF-α that has been identified as pro-fusogenic factor for MCF10A cells, further 

research is needed to elucidate the mechanisms that drive cell fusion between MSC and other 

breast cancer cells. In particular, the investigation of adhesion proteins together with lipids 

rafts and the role of the actin cytoskeleton represent promising targets to examine cell fusion 

[189, 190, 203, 204]. 
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4. Outlook 

To better estimate the role of MSC on tumorigenesis, the aim of this thesis was to illuminate 

molecular mechanisms that drive cell fusion and to characterize various hybrid cells generated 

by the fusion of MSC with breast and ovarian cancer cells. 

The results from this thesis demonstrate the general occurrence of MSC-cancer cell fusion in 

vitro and in vivo. In consequence of highly malignant but also non-tumorigenic hybrid cell 

populations, more research is needed to screen a variety of further hybrid clones, also with 

MSC from more than 2 donors, in order to assess the role of fusion products in tumor 

development and progression. Considering the extremely aggressive MDA-hyb1 and -hyb2, 

mechanisms underlying cell fusion need to be further unraveled to get an idea for potential 

intervention sites. Thus, believing the cancer stem cell model that cancer arises from one 

aberrant cell and that tumor relapse results from dormant cancer stem cells [257], hybrid cells 

may potentially entail all properties of a cancer stem cell further strengthening the importance 

of prospective cancer cell fusion research. 
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6. List of abbreviations 

 

Abbreviation Explanation 

ADAM A disintegrin and metalloprotein domain 

ANOVA Analysis of variance 

ASCT1 or ASCT2 Alanine serine and cysteine selective transporter type 1 or type 2 

AT-MSC Adipose tissue MSC 

ATP Adenosine triphosphate 

BM-MSC Bone marrow MSC 

bp Base pair 

BRAF v-Raf murine sarcoma viral oncogene homolog B 

BRCA1 Breast Cancer 1 / 2 

CA-MSC Carcinoma-associated mesenchymal stroma/stem cells 

CCL Chemokine (C-C motif) ligand 

CCR C-C chemokine receptor 

CD11b Integrin alpha M 

CD14 Monocytic surface marker 

CD19 B-lymphocyte antigen 

CD29 Integrin beta 1 

CD34 Hematopoietic stem cell surface marker 

CD44 Receptor for hyaluronic acid 

CD45 Protein tyrosine phosphatase receptor type C 

CD73 Ecto-5´-nucleotidase 

CD90 Thy 1 

CD105 Endoglin 

CD120a TNF receptor 1 

cDNA Complementary DNA 

CFU-F Colony-forming unit fibroblasts  

CHEK2 Checkpoint Kinase 2 

CSC cancer stem-like cells 
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CTNNB1 Catenin beta 1 

CXCL Chemokine (C-X-C motif) factor 

CXCR C-X-C chemokine receptor  

DAPI 4´,6-diamidino-2-phenylindole 

DC Dendritic cells 

DC-stamp Dendritic cell-specific transmembrane protein 

DNA Desoxyribonucleic acid 

dNTP Desoxyribonucleosidtriphosphate 

e.g. For example 

EGF Epidermal growth factor 

eGFP Enhanced green fluorescent protein 

EMT Epithelial-mesenchymal-transition 

epoB Epothilone B 

ERBB2 Erythroblastic oncogene B (Her2/neu) 

FACS Fluorescence-activated cell sorting 

FADD Fas-associated protein with death domain 

FCS Fetal calf serum 

FGF Fibroblast growth factor 

FITC Fluorescein isothiocyanate 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GPI Glycosylphosphatidylinositol 

GOs Gene ontologies 

GvHD Graft-versus-host disease 

HBCEC Human breast cancer-derived epithelial cells 

HE Hematoxylin/eosin 

HER2 Human epithelial growth factor receptor 2 

HERV-FRD Human endogenous retrovirus group FRD member  

HERV-W Human endogenous retrovirus, type W 

HGF Hepatocyte growth factor  

HLA-DR Human leukocyte antigen 

HMEC Human mammary epithelial cells 
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HMGB1 High mobility group box 1 

HR Hormone receptor 

hTERT Human telomerase reverse transcriptase 

HVJ Hemagglutinating virus of Japan 

Hyb Hybrid 

ICAM-1 Intercellular adhesion molecule 1 

IDO Indoleamine-2,3-dioxygenase 

IFN-γ Interferon gamma 

IL Interleukin 

ISCT International Society for Cellular Therapy 

JNK1 c-Jun N-terminal kinase 1 

kDa Kilodalton 

KRAS Kirsten rat sarcoma virus gene 

MAPK8 Mitogen-activated protein kinase 8 

MCF Michigan Cancer Foundation 

MFSD-2A Major facilitator superfamily domain containing 2A 

MHC Major histocompatibilty complex 

MSC Mesenchymal stroma/stem cells 

MUC-1 Mucin-1 

NK cells Natural killer cells 

NO Nitric oxide 

NOD-scid Non-obese diabetic severe combined immunedeficiency 

OC-stamp Osteoclast-stimulatory transmembrane protein 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDGF Platelet-derived growth factor 

PE Phycoerythrin 

PEG Polyethylene glycol 

PGE2 Prostaglandin E2 

PIC3CA Phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit alpha 

PR Progesterone receptor 
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PRR Pattern recognition receptor 

PTEN Phosphatase and tensin homolog 

Rb Retinoblastoma-protein 

RelA (p65) v-rel avian reticuloendotheliosis viral oncogene homolog A 

RIP Receptor-interacting serine/threonine protein kinase  

RNA Ribonucleic acid 

mRNA Messenger ribonucleic acid 

RT-PCR Reverse transcription polymerase chain reaction 

SA-β-Gal Senescence-associated β-galactosidase 

SCCOHT-1 Small cell carcinoma of the ovary hypercalcemic type 1 

SDF-1 Stromal cell-derived factor-1 

SDS Sodium dodecyl sulfate 

siRNA Small-interfering RNA 

STR Short tandem repeat 

TBS Tris-buffered saline 

TGF-β Transforming growth factor beta 

TNF-α Tumor necrosis factor alpha 

TNFR1 or TNFR2 Tumor necrosis factor receptor 1 or 2 

TP53 Tumor protein 53 

TRADD Tumor necrosis factor receptor type 1-associated death domain 

TRAF2 Tumor necrosis factor receptor-associated factor 2 

TRAP Telomeric repeat amplification protocol 

TRIC Tetramethylrhodamine 

UC-MSC Umbilical-cord MSC 

VCAM-1 Vascular cell adhesion protein 1 

VEGF Vascular endothelial growth factor 

wt Wildtype 
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