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Abstract  9 

Background: A variety of different tumors including breast cancer cells can closely interact with 10 

mesenchymal stroma/stem-like cells (MSC) in the tumor microenvironment eventually resulting in 11 

cell fusion and formation of new hybrid cancer cell populations displaying altered properties. 12 

Methods: Lentiviral-transduced MDA-MB-231cherry breast cancer cells and MSCGFP were co-cultured 13 

and a resulting hybrid cancer cell population (MDA-MSC-hyb5) was isolated. Characterization was 14 

performed for marker expression and short tandem repeat (STR) fragment analysis compared to 15 

the parental cells. Moreover, in vivo tumor development and metastatic capacity of 16 

MDA-MSC-hyb5 was studied and unique properties were analyzed by RNA microarray 17 

expression analyses compared to other breast cancer hybrid populations. Potential 18 

chemotherapeutic sensitivity was carried out in tumor explant cultures of MDA-MSC-hyb5 cells. 19 

Results: Direct cellular interactions of MDA-MB-231cherry breast cancer cells with MSCGFP in a 20 

co-culture model resulted in spontaneous cell fusion by generation of MDA-MSC-hyb5cherry GFP 21 

breast cancer hybrid cells. Proliferative capacity of MDA-MSC-hyb5 cells was about 1.8-fold 22 

enhanced when compared to the parental MDA-MB-231cherry breast cancer cells. In contrast to a 23 



 

spontaneous MDA-MB-231cherry-induced tumor development in vivo within 18.8 days 24 

MDA-MSC-hyb5 cells initially remained quiescent in a dormancy-like state. At distinct time points 25 

up to about a half year later after injection NODscid mice started to develop MDA-MSC-hyb5 26 

cell-induced tumors. Following tumor initiation, formation of metastases in various different 27 

organs occurred rapidly within about 10.5 days. Changes in gene expression levels were evaluated 28 

by RNA-microarray analysis and revealed certain increase in dormancy-associated transcripts in 29 

MDA-MSC-hyb5. Chemotherapeutic responsiveness of MDA-MSC-hyb5 cells was partially 30 

enhanced as compared to MDA-MB-231 cells, however, some resistance e.g. for taxol was 31 

detectable in cancer hybrid cells. Moreover, drug response partially changed during tumor 32 

development of MDA-MSC-hyb5 cells suggesting unstable in vivo phenotypes of MDA-hyb5 cells 33 

with increased tumor heterogeneity. 34 

Conclusions: The spontaneous formation of cancer hybrid cell populations like MDA-MSC-hyb5 35 

by cell fusion contributes to tumorigenic diversification by acquisition of new properties such as 36 

altered chemotherapeutic responsiveness. The unique tumor dormancy of MDA-MSC-hyb5 cells 37 

not observed in other breast cancer hybrid cells so far markedly increases tumor heterogeneity. 38 

 39 

Plain English summary 40 

Cell fusion as a fundamental biological process is required for various physiological processes, 41 

including fertilization, placentation, myogenesis, osteoclastogenesis, and wound healing/tissue 42 

regeneration. However, cell fusion is also observed during pathophysiological processes like tumor 43 

development. Mesenchymal stroma/stem-like cells (MSC) which play an important role within the 44 

tumor microenvironment can closely interact and eventually fuse e.g. with breast cancer cells. 45 

During this rare event the resulting breast cancer/MSC hybrid cells undergo a post-hybrid selection 46 

process (PHSP) to reorganize chromosomes of the two parental nuclei whereby the majority of the 47 

hybrid population undergoes cell death. Although the PHSP-surviving hybrid cancer cells 48 

represent an initially small minority within the tumor tissue, their changed properties may provide 49 



 

a proliferation advantage eventually overgrowing other cancer cells. These properties were 50 

observed after spontaneous fusion of MDA-MB-231 breast cancer cells with human MSC forming 51 

the new MDA-MSC-hyb5 cells. Displaying an altered DNA profile compared to the parental cells, 52 

MDA-MSC-hyb5 cells demonstrated initial tumor dormancy when transplanted into NODscid 53 

mice. After a lag period of up to 6 months, however, MDA-MSC-hyb5 cells suddenly initiated 54 

tumor growth and metastatic spreading much more enhanced compared to the parental 55 

MDA-MB-231 cells. This initial tumor dormancy not observed in other breast cancer hybrid 56 

populations was associated with a corresponding gene expression profile. Accordingly, 57 

chemotherapeutic responsiveness was significantly altered in MDA-MSC-hyb5 cells. These unique 58 

properties of MDA-MSC-hyb5 cells compared to other breast cancer hybrid cells provide a 59 

platform to further study diversification and elevated tumor plasticity together with molecular 60 

traits of tumor dormancy. 61 

 62 
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 65 

Background 66 

Cell fusion in general is considered a rare event although its actual frequency may be higher as 67 

postulated by “hidden” fusions [1]. Physiological processes of cell fusion among others include 68 

myoblast fusion to form multinucleated myocytes in muscle fibers during muscle development, 69 

fusion of mononuclear precursor cells contributing to osteoclast formation for the maintenance, 70 

repair, and remodelling of bone tissue, or fusion of fetal trophoblasts to syncytiotrophoblasts during 71 

formation of placenta tissue and barrier [2, 3]. Alternatively, cell fusion can occur during 72 

pathophysiological processes such as cancer development. Indeed, cell fusion can be detected in 73 

various different cancers including leukocyte-tumor cell fusions or macrophage-tumor cell fusions 74 



 

e.g. brain metastases of melanoma, lung cancer, gastric cancer or different tumors of the breast [3-9]. 75 

Breast cancer cell fusion and subsequent generation of breast cancer hybrid/chimeric cells is 76 

observed during close interaction of cancer cells with adjacent cell types in the tumor 77 

microenvironment like mesenchymal stroma/stem-like cells (MSC) [10-12].  78 

 79 

Predominant locations of MSC are perivascular regions of various adult organs and tissues [13, 80 

14]. In addition, neonatal tissues like human umbilical cord (hUC) provide non-invasive MSC-rich 81 

sources with superior growth and expansion capacity [15]. Due to their different tissue origin and 82 

altered properties MSC display a heterogeneous population also termed multipotent stromal cells or 83 

medicinal signaling cells [16, 17]. For in vitro functions, MSC exhibit adherence, migratory activity, 84 

differentiation capacity at least along mesenchymal phenotypes, and distinct core surface marker 85 

expression like CD73, CD90, and CD105 with simultaneous absence of at least CD14, CD31, CD34, 86 

and CD45. While these properties represent minimal characteristics of MSC as stromal cells further 87 

specific markers or stem-like capabilities such as self-renewal capacity may only apply to a small 88 

subset within a MSC population. Accordingly, MSC heterogeneity is comprised by various 89 

subpopulations of stromal cells, stem-like cells and cells with further special properties all 90 

displaying the minimal MSC characteristics which can be maintained during prolonged in vitro 91 

culture [18] or in a permanently proliferating human MSC-like model with reproducible properties 92 

[19]. Moreover, these minimal characteristics are also shared by more differentiated populations 93 

such as pericytes and fibroblasts. However, the properties of MSC can change in an altered 94 

environment with diverse stimuli in vitro and in vivo [20, 21] which also depends on interacting cell 95 

types. In this context, MSC predominantly interact with cancer cells within the tumor 96 

microenvironment by various indirect and direct communication mechanisms [22, 23]. Strong 97 

interactions which co-localize the two adjacent cell membranes of MSC and cancer cells in close 98 

proximity and reorganize actin-associated cytoskeletal proteins can eventually result in the 99 

generation of corresponding hybrid/chimeric cancer cells [24, 25].  100 



 

Various tumor fusions including breast cancer cell fusions with MSC are described [10, 26-29] 101 

whereby the resulting breast cancer hybrid cells can display altered tumorigenic activities when 102 

compared to the parental cancer cells. Within the tumor microenvironment cancer cells can also fuse 103 

with other cell types such as endothelial cells [30]. Although precise mechanisms appear diverse 104 

among different cancer cell fusions previous work demonstrated TNF-related signaling and 105 

apoptosis as potential triggers for breast cancer fusion with MSC [10, 12, 31].  106 

MSC/breast cancer cell fusion can also occur in vivo whereby associated processes including 107 

apoptosis and reorganization of the actin cytoskeleton contribute to an elevated tumor plasticity and 108 

heterogeneity with a likely generation of breast cancer stem cells [24, 29, 32, 33]. Likewise, fusion of 109 

bone marrow-derived MSC with lung cancer cells generate new cancer hybrid cell population 110 

displaying altered properties including cancer stem cell-like properties [34]. Moreover, hybrids from 111 

neoplastic but also from normal breast epithelial cells can display stem-like characteristics [35].  112 

Cancer cell fusion generates chromosomal instability and aneuploidy by hybrid cell formation, 113 

whereby different polyploid cancer hybrid populations arise and increase tumor heterogeneity. 114 

Moreover, new properties of breast cancer hybrid cells also contribute to enhanced metastases [11, 115 

26, 27]. The relevance of fusion processes for the generation of new cancer cell populations is 116 

underscored by the findings that MSC/breast cancer cell fusion can generate various different hybrid 117 

subtypes (e.g. MDA-MSC-hyb1 to MDA-MSC-hyb4 briefly termed MDA-hyb1 to MDA-hyb4). These 118 

cells display different tumorigenic potential, altered metastatic behavior, and changes in their 119 

sensitivity to chemotherapeutic drugs which elevates tumor heterogeneity and the potential of 120 

breast cancer stem cell expansion. In particular, human MDA-hyb1 and to a lesser extend 121 

MDA-hyb2 cancer hybrid cells represent aggressive and highly metastatic breast cancer cell lines 122 

originated after spontaneous cell fusion of primary hUC-MSC with the MDA-MB-231 breast cancer 123 

cell line. Both, MDA-hyb1 and MDA-hyb2 developed primary tumors and metastases more rapidly 124 

as compared to the parental breast cancer cells [11]. Conversely, MDA-hyb3 and MDA-hyb4 breast 125 

cancer hybrid cells were isolated following spontaneous fusion with other hUC-MSC primary 126 



 

cultures and these cancer hybrid populations displayed a reduced tumorigenicity as compared to 127 

the parental MDA-MB-231 cells by a markedly prolonged development of primary tumors and 128 

distant organ metastases [32].   129 

In the present work, another breast cancer hybrid cell line is created and characterized 130 

demonstrating a completely different tumorigenic behavior when compared to the other cancer 131 

hybrid populations so far. In contrast to an accelerated tumorigenicity of MDA-hyb1 and MDA-hyb2 132 

and also in contrast to a retarded tumorigenicity of MDA-hyb3 and MDA-hyb4 these new cancer 133 

hybrid cells exhibited a third type of tumor behavior by remaining initially dormant and then 134 

developing tumors and metastases much faster than the parental breast cancer cells.    135 

Materials and Methods  136 

4.1. Cell Culture 137 

Human MDA-MB-231 breast cancer cells were obtained from the ATCC (#HTB-26) and 138 

cultivated initially at 1,500 cells/cm2 in Leibovitz's L-15-medium (Invitrogen Life Technologies, 139 

Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, 100 140 

µg/mL streptomycin and 2 mM L-glutamine (Sigma Chemie GmbH, Taufkirchen, Germany). 141 

Subculture of MDA-MB-231 cells was performed by trypsin/EDTA (Biochrom GmbH, Berlin, 142 

Germany) treatment for 5 min at 37 °C. 143 

Primary hUC-MSC030816 were isolated from umbilical cord tissue explant cultures as 144 

described previously for other MSC [36]. Briefly, hUC-MSC were cultured in MSC growth medium 145 

(αMEM (Sigma Chemie GmbH, Steinheim, Germany) supplemented with 10% allogeneic human 146 

AB-serum, 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (Sigma Chemie 147 

GmbH, Taufkirchen, Germany)) and subculture in passages (P) was performed following treatment 148 

with accutase (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) at 37°C for 3 min.  149 

All MDA hybrid cell lines (MDA-hyb1 to MDA-hyb5) were cultured at xeno-free conditions in 150 

MSC growth medium (αMEM (Sigma Chemie GmbH) supplemented with 10% allogeneic human 151 



 

AB-serum (blood from male AB donors was commercially obtained from blood bank at Hannover 152 

Medical School, Germany, and processed to serum), 100 U/mL penicillin, 100 µg/mL streptomycin 153 

and 2 mM L-glutamine (Sigma Chemie GmbH). Subculture in passages (P) was performed following 154 

mechanical detachment of the loosely adherent MDA-hyb1 cells and by TrypLE (Life Technologies 155 

GmbH, Darmstadt, Germany) treatment of MDA-hyb2, -hyb3, -hyb4, and –hyb5 cells at 37°C for 3 156 

min, respectively. 157 

All cell lines were tested for mycoplasma by the luminometric MycoAlert Plus mycoplasma 158 

detection kit (Lonza Inc., Rockland, ME, USA) according to the manufacturer’s recommendations. 159 

Authentication of the different cell lines was performed by short tandem repeat (STR) fragment 160 

analysis using the GenomeLab human STR primer set (Beckman Coulter Inc., Fullerton, CA, USA) 161 

[37]. Identity of STR fragments was confirmed for MDA-MB-231 cells according to the STR database 162 

provided by the ATCC, Manassas, VA, USA, and for MDA-hyb1 and MDA-hyb2 cell lines as 163 

outlined in previous work [11]. For stable fluorescence labeling hUC-MSC and MDA-MB-231 cells 164 

were transduced with a 3rd generation lentiviral SIN vector containing the eGFP or the mcherry 165 

gene, respectively, as reported elsewhere [38]. 166 

 167 

4.2. In vitro proliferation and cytotoxicity measurements  168 

The proliferation rate was determined by fluorescence measurement using the fluoroscan assay 169 

as previously described [12]. Briefly, 1000 cells/well of MDA-MB-231cherry, MDA-hyb1, MDA-hyb3, 170 

or MDA-hyb5 populations were plated in flat bottom 96-well plates (Nunc/ThermoFischer Scientific, 171 

Roskilde, Denmark) with (200 µL/well) standard culture medium. MDA-MB-231cherry versus 172 

MDA-MB-231GFP demonstrated no differences in proliferative capacity. 173 

For cytotoxicity measurements with different chemotherapeutic agents 1000 cells/well of 174 

MDA-MB-231 cells, MDA-hyb5 cells or explant culture cells from MDA-hyb5-derived mouse tumors 175 

were plated in flat bottom 96-well plates (Nunc/ThermoFischer Scientific) with (100 µL/well) 176 

standard culture medium. The explant culture cells from MDA-hyb5-derived mouse tumors were 177 



 

obtained by an isolation procedure as extensively described elsewhere for primary human breast 178 

cancer epithelial cells [39]. Isolated explant culture cells were subcultured with TrypLE (Life 179 

Technologies GmbH) and used in P2 for cytotoxicity measurements. Following overnight 180 

attachment of the different cultures 100 µL of drug solvent in culture medium was added as a 181 

control, and in further wells 100 µL of culture medium containing appropriate dilutions of 182 

epirubicin, taxol, carboplatin, or cyclophosphamide were respectively added to the cells.  183 

After incubation for up to 72 h at the appropriate time points, the medium was removed and 184 

the cells were lysed with 5% (w/v) SDS. Thereafter, the fluorescence intensities of GFP or cherry cell 185 

homogenates, which corresponded to the appropriate cell number of cancer cells, were measured at 186 

an excitation of 485 nm and an emission of 520 nm (GFP), or an excitation of 584 nm and an emission 187 

of 612 nm (cherry) using the Fluoroscan Ascent Fl (ThermoFisher Scientific, Schwerte, Germany).  188 

 189 

4.3. In Vivo Experiments 190 

About 2x 106 human MDA-MB-231GFP and MDA-hyb5 breast cancer cells were subcutaneously 191 

injected into the left shoulder of 5 animals from 5–6 weeks old female NODscid mice, respectively.  192 

The mice were examined and weighted two times per week. Tumors smaller than 1mm3 induced by 193 

MDA-MB-231GFP cells became detectable between 10 and 18 days. After 32 days following 194 

MDA-MB-231GFP cell transplantation the 5 tumor-bearing animals were sacrificed by cervical 195 

dislocation following criteria for termination of the experiment. Tumors induced by MDA-hyb5 cells 196 

were determined in 4 mice subsequently at later and different time points between 49 days and 161 197 

days. One mouse remained without detectable tumor after 180 days of MDA-hyb5 cell injection. 198 

Primary tumor tissues were isolated, washed in PBS, and weighted. Together with the dissected 199 

organs including lung, liver, spleen, kidney, heart, and brain, the tissues were washed in PBS, 200 

examined by fluorescence microscopy for the presence and accumulation of metastatic cells, 201 

shock-frozen in liquid nitrogen, and stored at -80°C for further analysis. Bone marrow was harvested 202 



 

by cutting the femur and rinsing the open bone with PBS followed by centrifugation (360g / 7min) of 203 

the bone marrow cells.  204 

 205 

4.4. Transcript Analysis by PCR  206 

Total RNA was isolated from the tumor tissues and the organs using RNeasy Mini Kit (Qiagen, 207 

Hilden, Germany) according to the manufacturer's instructions. One µg of RNA was 208 

reverse-transcribed into cDNA, and reactions were performed with corresponding RT-PCR primers:  209 

- mcherry (sense: 5`-TTC ATG TAC GGC TCC AAG GC-3´; antisense: 5`-CTG CTT GAT 210 

CTC GCC CTT CA-3´; amplification product 297 bp) 211 

- eGFP (sense: 5`-CTA TAT CAT GGC CGA CAA GCA GA-3´; antisense: 5`-GGA CTG GGT 212 

GCT CAG GTA GTG G-3´; amplification product 165 bp) 213 

- CD73 (sense: 5'-CGC AAC AAT GGC ACA ATT AC-3'; antisense: 5'-CTC GAC ACT TGG 214 

TGC AAA GA-3'; amplification product 241 bp) [38]; 215 

- CD90 (sense: 5’-GGA CTG AGA TCC CAG AAC CA-3’; antisense: 5’-ACG AAG GCT CTG 216 

GTC CAC TA-3’; amplification product 124 bp); 217 

-  CD105 (sense: 5'-TGT CTC ACT TCA TGC CTC CAG CT-3'; antisense: 5'-AGG CTG TCC 218 

ATG TTG AGG CAG T-3'; amplification product 378 bp); 219 

- GAPDH as a control (sense: 5’-ACC ACA GTC CAT GCC ATC AC-3’; antisense: 5’-TCC 220 

ACC ACC CTG TTG CTG TA-3’; amplification product 452 bp) [40] (all primers customized by 221 

Eurofins, MWG GmbH, Ebersberg, Germany). 222 

Aliquots of 25µl of each RT-PCR product were separated on a 2% agarose gel including the 223 

standard GeneRuler 100bp DNA Ladder (Thermo Scientific) and visualized by GelRedTM (Biotium 224 

Inc., Hayward, CA, US) staining specifically as described previously [41]. 225 

For qPCR, the following primers were used: 226 



 

- Tumor necrosis factor receptor superfamily member 8  (TNFR SF8, CD30) (sense: 5’-ATC TGT 227 

GCC ACA TCA GCC ACC A-3’; antisense: 5’-AAG GTG GTG TCC TTC TCA GCC A-3’; 228 

amplification product 110 bp) 229 

- Tumor necrosis factor receptor superfamily member 1B (TNFR SF1B) (sense: 5’-CGT TCT CCA 230 

ACA CGA CTT CAT CC-3’; antisense: 5’-ACG TGC AGA CTG CAT CCA TGC T-3’; amplification 231 

product 102 bp) 232 

- bone morphogenic protein 1 (BMP1) (sense: 5’-GCC TGT GCT GGT ATG ACT ACG-3’; 233 

antisense: 5’-CAT CTG GGT AAT TGG GCG ATT GG-3’; amplification product 243 bp) 234 

- bone morphogenic protein 7 (BMP7) (sense: 5’- ACC AGA GGC AGG CCT GTA AGA-3’; 235 

antisense: 5’- CTC ACA GTT AGT AGG CGG CGT AG-3’; amplification product 108 bp) 236 

- transforming growth factor-beta3 (TGF-b3) (sense: 5’-CTA AGC GGA ATG AGC AGA GGA 237 

TC-3’; antisense: 5’-TCT CAA CAG CCA CTC ACG CAC A-3’; amplification product 161 bp) 238 

- vascular cell adhesion molecule-1 (VCAM-1) (sense: 5’-GAT TCT GTG CCC ACA GTA AGG 239 

C-3’; antisense: 5’-TGG TCA CAG AGC CAC CTT CTT G-3’; amplification product 118 bp) 240 

- Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (sense: 5’-GTC TCC TCT GAC TTC 241 

AAC AGC G-3’; antisense: 5’-ACC ACC CTG TTG CTG TAG CCA A-3’; amplification product 131 242 

bp) 243 

- Ribosomal Protein L13a (RPL13A) (sense: 5’-CTC AAG GTG TTT GAC GGC-3’; antisense: 244 

5’-TAC TTC CAG CCA ACC TCG-3’; amplification product 143 bp) 245 

The QuantiTect SYBR green PCR kit (Qiagen) was used according to the manufacturer’s instructions 246 

and PCR was performed in quadruplicates using a CFX384 touch real time detection system 247 

(Bio-Rad Laboratories GmbH, Feldkirchen, Germany) and analyzed using the BioRad CFX manager 248 

software (V.3.1.1517.0823). For normalization of the genes analyzed by qPCR GAPDH and RPL13A 249 

were used as housekeeping genes. Melting curves were performed to verify primer quality. High 250 

deviation replicates were excluded. The log2 normalized expression values were used for statistical 251 

analysis and for generating principle components using GraphPad Prism v9.00. 252 



 

 253 

4.5. Microarray-based mRNA expression analysis (Single Color Mode) 254 

The mRNA microarray analyses were performed as extensively described elsewhere [11] with 255 

minor modifications. The Microarray utilized in this study represents a refined version of the Whole 256 

Human Genome Oligo Microarray 4x44K v2 (Design ID 026652, Agilent Technologies), called 257 

‘026652QM_RCUG_HomoSapiens’ (Design ID 084555) developed by the Research Core Unit 258 

Genomics (RCUG) of Hannover Medical School. Microarray design was created at Agilent’s eArray 259 

portal using a 1x1M design format for mRNA expression as template. All non-control probes of 260 

design ID 026652 have been printed five times within a region comprising a total of 181560 Features 261 

(170 columns x 1068 rows). Four of such regions were placed within one 1M region giving rise to 262 

four microarray fields per slide to be hybridized individually (Customer Specified Feature Layout). 263 

Control probes required for proper Feature Extraction software operation were determined and 264 

placed automatically by eArray using recommended default settings. 265 

Synthesis of Cy3-labeled cRNA was performed with the ‘Quick Amp Labeling kit, one color’ 266 

(#5190-0442, Agilent Technologies) using 500ng of total RNA as input and according to the 267 

manufacturer’s recommendations, except that reaction volumes were halved. cRNA fragmentation, 268 

hybridization and washing steps were carried-out as recommended in the ‘One-Color 269 

Microarray-Based Gene Expression Analysis Protocol V5.7’, except that 3000ng of labelled cRNA 270 

were used for hybridization. Slides were scanned on the Agilent Micro Array Scanner G2565CA 271 

(pixel resolution 3 µm, bit depth 20). Data extraction was performed with the ‘Feature Extraction 272 

Software V10.7.3.1’ using the extraction protocol file ‘GE1_107_Sep09.xml’.  273 

The MDA-MB-231cherry cells were investigated together with the cancer hybrid populations 274 

MDA-MSC-hyb1, MDA-MSC-hyb3, and MDA-MSC-hyb5. Alterations in transcript levels were 275 

compared displaying a more than 2-fold difference in gene expression. Microarray data are stored at 276 

the NCBI-GEO database with the accession no. #GSE157199. 277 

 278 



 

Results 279 

2.1. Introduction of MDA-MSC-hyb5 (MDA-hyb5) as a new human breast cancer hybrid population 280 

Similar to previous cancer hybrid cell isolations a six day co-culture of 106 MDA-MB-231cherry 281 

breast cancer cells together with 106 primary hUC-MSC030816GFP P4 was performed at a ratio of 282 

50:50 with 4,500 cells/cm2 in MSC cell growth medium. Following separation of this co-culture for 283 

cherry-positive, GFP-positive and double-positive (cherry+ GFP+) cells by two subsequent 284 

fluorescence-activated cell sorting (FACS) (1.78 x107 total sorted cells yielded 4.24 x104 cells after 1. 285 

FACS and 3.95 x103 cells after 2. FACS) (supplementary Fig. S1) the double positive cells were 286 

subjected to single cell cloning. More than 99% of these clones died due to aberrant fusions while a 287 

small amount of clones survived and acquired proliferative capactity during a post-hybrid selection 288 

process (PHSP). One reason for this striking effect may be the hampered cell division in most hybrid 289 

cells by uncoordinated regulatory interactions of the nuclei contents from both fusion partners 290 

eventually resulting in cell death [42]. Single cell cloning revealed a proliferating subclone with 291 

about 20µm in diameter and predominantly one nucleus after 41d which was termed 292 

MDA-MSC-hyb5 (briefly MDA-hyb5) (Fig. 1). Analysis of these MDA-hyb5 cells compared to the 293 

two parental MDA-MB-231cherry and hUC-MSC030816GFP populations by RT-PCR demonstrated 294 

expression of the mcherry fluorescence gene in MDA-MB-231cherry cells without detectable GFP 295 

transcripts, expression of the GFP fluorescence gene in hUC-MSC030816GFP without detectable 296 

mcherry transcripts and simultaneous expression of  both, the mcherry and the GFP genes in 297 

MDA-hyb5 cells. Moreover, MSC typical mRNA transcripts of CD73 and CD105 were detectable in 298 

all three cell lines whereas CD90 expression was limited to the hUC-MSC and not detectable in 299 

MDA-MB-231 or MSC-hyb5 cells (Fig. 2a). Continuous growth properties of MDA-hyb5 cells were 300 

compared to the parental MDA-MB-231 breast cancer cell line and to other related cancer hybrid 301 

populations such as MDA-hyb1, MDA-hyb2, MDA-hyb3, and MDA-hyb4 all of which displayed 302 

different biological properties [11, 32]. MDA-hyb5 cells demonstrated a similar proliferative capacity 303 

like MDA-hyb3 and MDA-hyb4 cells which reached about half of the fastest growing MDA-hyb1 304 



 

cells and was about 30% less than MDA-hyb2 cells. The rate of MDA-hyb5 cell division increased 305 

about 1.8 fold compared to the parental MDA-MB-231cherry breast cancer cells (Fig. 2b). These 306 

findings indicated MDA-hyb5 as a new human breast cancer hybrid population with more 307 

MDA-MB-231 like properties and an enhanced rate of cell division. Further characterization of 308 

MDA-hyb5 cells was performed by short tandem repeat (STR) fragment analysis. In comparison to 309 

the STR patterns of the parental MDA-MB-231cherry and hUC-MSC030816GFP, respectively, 310 

hyperploidy of MDA-hyb5 cells was detected along with the presentation of 3 and 4 alleles of 311 

distinct DNA parts (Fig. 2c). 312 

Because of the different tumor-developing effects reported for other MDA-hybrid populations [11, 313 

32] we were interested in the tumorigenic behavior of MDA-hyb5 cells. Using an in vivo tumor 314 

model subcutaneous injection was performed as a control with human MDA-MB-231GFP breast 315 

cancer cells into the left shoulder of 5 NODscid mice. After 32 days tumors developed in all the mice 316 

(Fig. 3a). A similar subcutaneous injection of MDA-hyb5 cells also developed subcutaneous tumors 317 

although at different kinetics. One out of the five mice demonstrated no detectable tumor growth 318 

within 180d post injection (Fig. 3b). During the whole experiment all mice displayed a constant body 319 

weight without significant changes.  320 

MDA-MB-231-induced tumors were detectable in all injected mice consistent with previous work 321 

[11]. This tumor growth became detectable between day 10 and day 18 after injection and was 322 

terminated after 32 days by cervical dislocation of the mice according to the animal welfare 323 

guidelines. In contrast, MDA-hyb5-induced double fluorescing tumors (mcherry+ GFP+) were 324 

monitored at subsequent later time points (Table 1). 325 

Table 1. Analysis of tumor development in MDA-MB-231 and MDA-hyb5 tumors 326 

cells (#mouse) 

tumor detection 

[day] 

tumor dissection 

[day] 

difference between tumor 

detection and dissection 



 

[days] 

MDA-MB-231 (#1.2) 10 32 22 

MDA-MB-231 (#1.5) 10 32 22 

MDA-MB-231 (#1.1) 14 32 18 

MDA-MB-231 (#1.4) 14 32 18 

MDA-MB-231 (#1.3) 18 32 14 

MDA-hyb5 (#2.4) 49 59 10 

MDA-hyb5 (#2.5) 70 81 11 

MDA-hyb5 (#2.2) 122 131 9 

MDA-hyb5 (#2.3) 161 173 12 

        

These data demonstrated that after initial detection subsequent tumor growth by MDA-hyb5 cancer 327 

hybrid cells occurred within 10.5 ± 1.3 days, about half of the time compared to the development of 328 

the parental MDA-MB-231-induced tumors after 18.8 ± 3.3 days (Fig. 4a). Moreover, the average 329 

tumor weight was higher in MDA-hyb5 tumors with 1628 ± 1448 mg as compared to 540 ± 384 mg in 330 

MDA-MB-231 tumors although this was not statistically significant (Fig. 4b). 331 

Accordingly, the average time between tumor incidence and dissection revealed a 1.8-fold faster 332 

tumor growth induced by MDA-hyb5 cells as compared to the parental MDA-MB-231 cells whereby 333 

relative tumor weights remained within a similar range.  334 

Tumor volumes were measured at different time points during tumor development revealing that 335 

MDA-MB-231 tumors were 192 to 659 mm (cubed). Similarly, MDA-hyb5 tumors exhibited volumes 336 



 

between 296 to 711 mm (cubed) at the final point of tumor dissection (Fig. 4c). On the other hand, the 337 

incidence of MDA-hyb5-induced tumors occurred at diverse starting time points which were 338 

delayed up to 6 months when compared to initial MDA-MB-231-induced tumor detection (Fig. 4c). 339 

Following animal examination twice weekly after MDA-hyb5 tumor cell application, initial tumor 340 

development became detectable after 49d, 70d, 122d, and 161d, respectively and subsequent tumor 341 

growth continued for a short time until termination and tumor dissection (Fig. 4c).  342 

Together, these findings indicated that the MDA-hyb5 cells remained dormant within the mouse 343 

tissue in a dormant-like state. Once activated for tumor growth, however, MDA-hyb5 cells 344 

developed similar sized tumors 1.8-fold faster compared to MDA-MB-231 cells.  345 

Molecular stimuli and signals for activation of quiescent MDA-hyb5 cells to initiate tumor growth 346 

still remain to be elucidated. Accordingly, RNA microarray analysis was performed for comparison 347 

with the parental MDA-MB-231 cells and to identify potential expression of dormancy-associated 348 

genes. From the 34,126 analysed transcripts 2309 mRNAs were up-regulated and 2913 349 

down-regulated in MDA-hyb5 cells compared to the parental MDA-MB-231 cells (Fig. 5a). Further 350 

analyses were performed considering the different tumor behavior of MDA-hyb1 and MDA-hyb3 351 

cells which developed tumors directly after the subcutaneous cancer cell injection in contrast to the 352 

initial dormancy phase of MDA-hyb5 cells. In particular, TNF (tumor necrosis factor) ligand- and 353 

TNF receptor-associated transcripts were markedly enhanced expressed in MDA-hyb5 as compared 354 

to MDA-MB-231 cells in contrast to little if any differences in the MDA-hyb1 versus MDA-MB-231 or 355 

the MDA-hyb3 versus MDA-MB-231 expression levels (Fig. 5b). Similar results were obtained for 356 

structural genes including entactin (202-fold enhanced in MDA-hyb5) which connects the networks 357 

formed by collagens and laminins and transcripts of fibromodulin (228-fold enhanced in 358 

MDA-hyb5) participating in the assembly of collagen fibers and restructuring the actin cytoskeleton. 359 

Of interest, previous work has demonstrated that laminin-111 in a three-dimensional cell culture 360 

system induced quiescence of breast epithelial cells by depletion of nuclear-associated actin [43, 44]. 361 



 

RNA microarrays revealed that gremlin-1 transcripts were 154-fold enhanced expressed in 362 

MDA-hyb5 versus MDA-MB-231 whereas little if any expression difference in MDA-hyb1 versus 363 

MDA-MB-231 or MDA-hyb3 versus MDA-MB-231 cells were observed (NCBI-GEO database 364 

accession no. #GSE157199). Gremlin-1 transcripts are found in various different tumor types and can 365 

functionally interfere with the TGF-β (transforming growth factor-beta) signaling pathway by 366 

inhibition of the bone morphogenetic proteins BMP2 and BMP4. These findings underscored 367 

substantial differences in the tumor behavior of instantly tumor-developing MDA-hyb1 and 368 

MDA-hyb3 cells in contrast to a transient initial dormancy phase of MDA-hyb5 cells. 369 

Different genes associated with metastasis and dormancy such as VEGF-A (vascular endothelial 370 

growth factor-A) important for vascularization were summarized for primary tumors and distant 371 

metastases [45]. Previous work suggested a predominant association of tumor dormancy with 372 

cancer stem cells and metastatic cancer cells which promote late recurrences [46]. Moreover, cancer 373 

stem cells can disseminate to distal organs early in tumor development [47] suggesting widespread 374 

and selective recurrence after dormancy. Thus, BMP signaling selectively relays metastatic relapse of 375 

breast cancer cells to the lung [48]. Further dormancy-associated genes include the Wnt/β-catenin 376 

signaling cascade [49]. In addition, TGF-β plays an important role during metastasis and dormancy 377 

[50, 51]. All of these genes were markedly altered in MDA-hyb5 versus MDA-MB-231. In contrast, 378 

only some differences in these gene expressions were detectable in MDA-hyb1 versus MDA-MB-231 379 

or in MDA-hyb3 versus MDA-MB-231 cells (Fig. 5b). Quantitative PCR analysis was performed for 380 

these putatively dormancy-related genes and likewise demonstrated modified expression levels 381 

(Fig. 5c). A principle components (PC) analysis of the examined genes revealed alterations among 382 

the four cell lines. In particular, significant differences were displayed by MDA-hyb5 cells 383 

supporting a potentially altered tumorigenic behavior (Fig. 5d). 384 

Whereas MDA-hyb5 cells rapidly developed tumors after an initial dormancy-like phase of up to 385 

about 6 months we were interested in the metastatic behavior of these cancer hybrid cells. Cancer 386 

cell-expressing GFP although weakly visible in some bands compared to the strong primary tumor 387 



 

was detectable in all tissue aliquots of MDA-MB-231 control cells and MDA-hyb5 cells by RT-PCR 388 

(Fig. 6a). Quantification of GFP levels after image J densitometry and normalization by the 389 

corresponding GAPDH expression revealed a markedly higher metastatic potential of MDA-hyb5 390 

cells as compared to the parental MDA-MB-231 cell line (Fig. 6a, bar diagram). Moreover, thin 391 

sections of organ tissues and bone marrow were evaluated by fluorescence microscopy and likewise 392 

revealed GFP-carrying cancer cells in all investigated organs (Fig. 6b). Since different 393 

MDA-hyb5-induced mice were examined by RT-PCR (mouse #2.5) and by fluorescence microscopy 394 

(mouse #2.2) these data suggested appearance of organ metastases in all tumor-carrying MDA-hyb5 395 

mice. Indeed, lung tissues from the 4 MDA-hyb5 tumor-bearing mice were analyzed by RT-PCR for 396 

mcherry and GFP, respectively, and both transcripts were detectable in the lung tissues (Fig. 6c). 397 

In sum, these findings suggested a more rapid tumor development after escape from initial 398 

dormancy in MDA-hyb5 cells compared to parental MDA-MB-231 although molecular triggers 399 

overcoming this initial quiescence require further investigation. 400 

The expression levels of distinct genes associated with tumor dormancy were elevated in MDA-hyb5 401 

cells. Moreover, the initiated speedy tumor growth of triggered MDA-hyb5 cells was paralleled by a 402 

simultaneously rapid development of organ metastases in all tumor-bearing mice. This aggressive 403 

tumor development raised further questions about potential chemotherapeutic approaches. 404 

Sensitivities to different concentrations of taxol and epirubicin were compared between parental 405 

MDA-MB-231 and MDA-hyb5 cells. While proliferation of MDA-hyb5 control cells was significantly 406 

enhanced low concentrations of 100 nM and 300 nM taxol inhibited MDA-hyb5 cell growth more 407 

than MDA-MB-231 cells (Fig. 7). However, taxol cytotoxicity displayed a plateau in MDA-hyb5 cells 408 

suggesting a constant level of resistance. Higher concentrations of 1 µM epirubicin also 409 

demonstrated more sensitivity of MDA-hyb5 cells (Fig. 7).  410 

Further chemotherapeutic analyses were performed with explant cultures of dissected MDA-hyb5 411 

tumor tissue. The explanted cancer cells in passage 2 and in vitro growing MDA-hyb5 cells were 412 



 

subjected to different chemotherapeutic treatments. Whereas low drug concentrations of 0.1 nM and 413 

1 nM displayed little if any effects, incubation with epirubicin and taxol at 0.01 µM, 0.1 µM, and 1 414 

µM for 48h up to 72h revealed a concentration-dependent cytotoxicity. Epirubicin treatment reached 415 

an about 57% reduction in MDA-hyb5 cells and an about 45% decline in explant tumor cells, 416 

respectively, whereby populations formed a plateau (Fig. 8a,b). Moreover, taxol-mediated 417 

cytotoxicity revealed about 67% in MDA-hyb5 and about 53% in the corresponding tumor explant 418 

cultures. In addition, exposure to 1 µM cyclophosphamide demonstrated about 25% cytotoxicity in 419 

MDA-hyb5 cells which was similar in explant tumor cells by about 26% after 72h (Fig. 8a,b). 420 

A more detailed comparison of chemotherapeutic effects with the various drugs revealed little if any 421 

difference for epirubicin and carboplatin between MDA-hyb5 cells and the tumor explant culture 422 

cells, respectively (supplementary Fig. S2). In contrast, a significantly increased sensitivity to taxol 423 

and cyclophosphamide was seen in the tumor explant culture cells which was observed after 48h 424 

and 72h, respectively (Fig. 8a,b, supplementary Fig. S2). 425 

Together, these findings suggested a partially enhanced sensitivity of MDA-hyb5 cells to taxol and 426 

epirubicin when compared to the parental MDA-MB-231 cells. However, the observed maintenance 427 

of a certain basal proliferative level in MDA-hyb5 cells regardless of the applied drug concentration 428 

indicated the presence of potentially resistant cancer sub-populations. Moreover, acquisition of 429 

partially reduced in vitro sensitivity against epirubicin and taxol in the tumor explant cultures 430 

indicated ongoing changes in biological properties during in vivo tumor development.  431 

 432 

Discussion 433 

Cell fusion can be part of both physiological and pathophysiological mechansims [52]. Orchestration 434 

of signaling to enable cell fusion strongly depends on the cellular microenvironment and may 435 

involve alternative kinase pathways e.g. to relay signals for differentiation or apoptosis [53]. Thus, 436 



 

cell fusion processes can contribute to tissue regeneration such as liver [54]. While cell-cell merger 437 

can occur by engulfment of a target cell e.g via cannibalism [55] or entosis-like mechanisms [56] 438 

which includes degradation of the target cell genome, fusion-associated MSC hybrid cell formation 439 

may be accompanied by a recombination of genomic parts from both parental donors in a nuclear 440 

hetero-to-synkaryon transition during subsequent cell division. Since aberrant DNA profiles or 441 

aneuploidy can also arise during abnormal cell division like endoreplication, endomitosis or 442 

deregulated cytokinesis cancer cell fusion is observed in a variety of different cancer types and 443 

derived cancer cell lines [57]. These mechanisms may also promote gene fusions such as RET-fusion 444 

which are observed in a variety of colorectal tumors [58, 59]. Although most tumor-generated fusion 445 

cells are unable to survive, the remaining hybrid cancer cells can develop a proliferation advantage 446 

by overgrowing other cancer cells and eventually representing the majority of a population within a 447 

tumor tissue. Moreover, hybrid cancer cells after fusion with MSC can acquire stem cell properties. 448 

These effects underscore the significance of tumor fusion mechanisms to alter DNA content and 449 

contribute to the severity and worsening of primary tumors and metastatic growth [1, 60, 61]. 450 

Cell fusion-mediated aneuploidy causes DNA instabilities and generates aberrant hybrid cells which 451 

may be repaired or eliminated by a post-hybrid selection process (PHSP) [33]. A PHSP is associated 452 

with chromosomal reduction or reorganization which is required to enable survival of a genetically 453 

(meta-)stabilized phenotype after cell-cell merger such as fusion. Therefore, hybrid cell 454 

functionalities are determined partially by a multistep program of PHSP [33, 62]. Accordingly, the 455 

acquired new properties of MDA-hyb5 cells suggest that besides fusion at least part of this 456 

phenotype may represent a consequence of a PHSP during clonal conversion and expansion of the 457 

hybrid cancer cells. 458 

Alterations in the DNA profile after fusion causes different properties and tumorigenic behavior in 459 

the cancer hybrid cells. While lentiviral transduction processes of the parental MDA-MB-231 and 460 

MSC populations themselves already could cause some changes which are unrelated to the fusion 461 

process, cancer hybrid cell alterations were identified by comparison to the fluorophore-labeled 462 



 

parental cell populations rather than to wild-type cells. Fusion-associated changes were different 463 

after spontaneous cell merger of MDA-MB-231cherry with several MSCGFP. All breast cancer hybrid 464 

populations (MDA-hyb1 to MDA-hyb5) demonstrated significantly increased proliferative capacity 465 

when compared to the parental MDA-MB-231cherry cells. Moreover, tumor development and 466 

formation of metastases also displayed marked differences. Previous work demonstrated that 467 

MDA-hyb1 and MDA-hyb2 cells developed a rapidly enhanced tumor growth and metastases 468 

compared to MDA-MB-231 cells [11]. Conversely, MDA-hyb3 and MDA-hyb4 cells also started 469 

tumor development after initial subcutaneous injection of the cancer hybrid cells, however, growth 470 

of tumors progressed much more slowly as compared to MDA-MB-231 cells. Furthermore, 471 

metastasis to distal organs was limited during MDA-hyb3 tumor induction with no detectable 472 

metastases in lung and kidney, respectively [32]. In contrast, MDA-hyb5 cells displayed a 473 

completely different tumor behavior. Neoplastic tissue by MDA-hyb5 cells became detectable when 474 

tumor growth and metastatic development of MDA-MB-231 cells was already terminated. However, 475 

when MDA-hyb5 cells initiated tumor growth the progressive development of primary tumors and 476 

distal metastases was significantly accelerated as compared to MDA-MB-231 cells. This suggested a 477 

rapid tumor neovascularization and enhanced dissemination of MDA-hyb5 cells to enable 478 

development of organ metastases nearly twice as fast as MDA-MB-231 cells.  479 

The retarded development of the 4 primary tumors and associated organ metastases induced by 480 

MDA-hyb5 cells between 49 days and 161 days post subcutaneous injection indicated dormancy-like 481 

states. Dormancy of cancer cells describes a reversible cell cycle arrest similar to a previously 482 

suggested G0’ arrest cycle in a differentiation/retrodifferentiation program [63, 64] whereby cells 483 

initially enter a transient quiescence. Asymptomatic cell populations can carry dormant cancerous 484 

lesions [65] whereby the majority of these lesions never progress to the stage of exponential tumor 485 

growth as controlled by hormones and the immune response. Cancer cells may require a temporary 486 

G0’ arrest cycle of dormancy for adaptation to altered microenvironmental tissue conditions, coping 487 

with chemotherapeutic exposure, or acquisition of new mutations [66]. In particular, disseminated 488 



 

cancer cells with the potential to metastasize to distant tissues and organs may enter a state of 489 

dormancy by moving into a previously suggested transient G0’ arrest cycle to allow adaptation of 490 

functionality and metabolism to the new environment.  491 

Although the trigger to awaken MDA-hyb5 cells after at least 161 days for progression of tumor 492 

development remains unclear different factors were identified for potential escape from dormancy. 493 

A reasonable model for cancer dormancy reflects the bone marrow also as a predominant location 494 

for metastases [67]. Previous work suggested that transition of breast cancer cells to dormancy 495 

involves accumulation of thrombospondin-1 which can function as an inhibitor of angiogenesis. Vice 496 

versa, regained proliferative capacity of the different cancer cell populations is accompanied by 497 

neovasculature sprouting and perivascular release of various growth factors [68]. In contrast to the 498 

angiogenesis- and neovascularization-associated factor VEGF-A displaying significant changes 499 

among the hybrid populations, transcripts of the thrombospondin-1 gene were not markedly altered 500 

in MDA-hyb5 cells as compared to MDA-MB-231 cells. However, multiple coordinated signals may 501 

be required to maintain cancer cells in dormancy with subsequent triggers to escape the transient G0’ 502 

arrest cycle and regain proliferative capacity for tumor development/recurrence. Together, these 503 

findings underscore the marked differences of MDA-hyb5 cells as compared to the other hybrids 504 

including the initial dormancy-like state of MDA-hyb5 cells which appears unique among the 505 

several investigated hybrid breast cancer populations. 506 

Changes in tumor behavior and altered metastatic capacity in cancer hybrid cells is also associated 507 

with differences in chemotherapeutic response. The observed unresponsiveness beyond certain 508 

concentrations of chemotherapeutic agents indicated a potential resistance within the MDA-hyb5 509 

population. On the other hand, permanent proliferation with self renewal capacity and enhanced 510 

resistance to apoptotic stimuli including anti-cancer drugs are also features of cancer progenitor 511 

cells, tumor-initiating cells, and cancer stem cells [69, 70]. This is also supported by the elevated 512 

resistance acquired by MDA-hyb5 tumor explant cells against taxol and epirubicin suggesting 513 

further functional modifications of the cancer hybrid cells during the rapid tumor development and 514 



 

accounting for instability and an increased heterogeneity. These findings further suggested unstable 515 

in vivo phenotypes of MDA-hyb5 cells with continuous alterations which would complicate 516 

successful therapeutic regimens. 517 

 518 

Conclusions 519 

Characteristics of the breast cancer hybrid cell line MDA-hyb5 demonstrated initial quiescence 520 

in vivo. Following release from dormancy the cells developed tumors and metastases much faster 521 

than the parental breast cancer cells. Although the trigger for tumor growth in MDA-hyb5 cells 522 

requires further elucidation signals for initiated proliferation of these cancer hybrid populations 523 

enlarge tumor plasticity and counteract successful interventional strategies. Consequently, the 524 

generation and expansion of different cancer hybrid populations in vivo would be associated with 525 

bad patient prognoses by frequently ongoing changes and acquisition of new cancer cell functions 526 

 527 

Whereas permanent alterations in cancer progenitor cells and cancer stem cells promote 528 

therapy resistance and disease progression [71] the appearance of cancer hybrid cells e.g. by 529 

MSC/breast cancer cell fusion contributes to elevated cancer cell plasticity. Moreover, the generation 530 

of new cancer hybrid cell populations by cell fusion diversifies tumorigenic properties and 531 

chemotherapeutic responsiveness which markedly increases tumor heterogeneity. On the other 532 

hand, detailed molecular studies using models of initial tumor quiescence enable further insights 533 

into tumor dormancy and subsequent tumor initiation also providing a better understanding of 534 

mechanisms which trigger tumor relapse and recurrence of metastases. 535 
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Figure legends 760 

Figure 1.  761 

The morphology and a preparation sequence are demonstrated for the generation and isolation of 762 

MDA-MSC-hyb5 (MDA-hyb5) cells. The upper panel represents mcherry fluorescence, the middle 763 

panel GFP fluorescence, and the lower panel the corresponding phase contrast micrographs. Bars 764 

represent 200µm.  765 

 766 

Figure 2.  767 

(a) Gene expression in steady state cultured MDA-hyb5 cells was compared to the parental 768 

MDA-MB-231cherry and hUC-MSC030816GFP populations by RT-PCR whereby GAPDH transcripts 769 

served as an equal loading control. (b) Measurement of proliferative capacity was performed in 770 

steady state growing cell lines of parental MDA-MB-231cherry breast cancer cells and several fused 771 

hybrid populations by fluoroscan assay. Data were normalized to control cells at 24h indicating 772 

relative fluorescence which correlates to relative proliferative capacity as previously described [38]. 773 

Data represent the mean ± s.d. of 8 replicates, respectively. (c) Short tandem repeat (STR) fragment 774 

analysis of MDA-hyb5 cells was performed in comparison to the parental MDA-MB-231cherry and 775 

hUC-MSC030816GFP cells. 776 

 777 

Figure 3.  778 

(a) MDA-MB-231-induced tumors (after 32 d) and (b) tumors induced by MDA-hyb5 cells. Tumor 779 

tissues after subcutaneous injection of 2x 106 MDA-MB-231GFP or MDA-hyb5 cells, respectively, were 780 

dissected from NODscid mice at the indicated time points and weighted. 781 

 782 

Figure 4.  783 

(a) The average time between the earliest detection of tumors and following dissection after growth 784 

of the tumors was calculated and compared between parental MDA-MB-231 cells (n=5) and fusion 785 



 

hybrid MDA-hyb5 cells (n=4). Significance (p) was calculated by unpaired student’s t-test. (b) The 786 

average tumor weight of MDA-MB-231- and MDA-hyb5-induced tumors was calculated by the 787 

mean ± s.d., respectively. Differences were not significant. (c) After tumor cell injection of 788 

MDA-MB-231 (mouse #1.1 to #1.5) and MDA-hyb5 (mouse #2.2 to #2.5) into the NODscid mice the 789 

tumors became first detectable at the indicated time points. Continuous tumor growth and detection 790 

of appropriate sizes were measured using a digital caliper. Progressive tumor volumes to the 791 

corresponding time points were calculated with the longitudinal diameter (length) and the 792 

transverse diameter (width) in the modified ellipsoidal formula: volume=π/6 x width x (length)2 as 793 

previously reported [37, 72]. 794 

 795 

Figure 5.  796 

(a) RNA microarray analysis of 34,126 transcripts was performed in MDA-hyb5 cells as compared to 797 

the parental MDA-MB-231 cells. Changes in transcript levels below 2-fold were considered below 798 

cut-off. (b) Analysis of the RNA microarray data was performed with a focus on the expression of 799 

dormancy-associated genes (tumor necrosis factor receptor superfamily member 8 (TNFR SF8); 800 

tumor necrosis factor receptor superfamily member 1B (TNFR SF1B); bone morphogenic protein1 801 

(BMP1); bone morphogenic protein7 (BMP7); transforming growth factor-beta3 (TGF-beta3); 802 

vascular endothelial growth factor-A (VEGF-A)). Differences in fold changes are indicated for the 803 

relationship of gene expression in MDA-MSC-hyb5 (hyb5), MDA-MSC-hyb3 (hyb3), and 804 

MDA-MSC-hyb1 (hyb1) cells versus the parental MDA-MB-231 (MDA) cells, respectively. (c) Gene 805 

expression levels were normalized to GAPDH and RPL13A by qPCR. Data represent the mean + 806 

SEM of the corrected expression levels (n=4) and significance (p) was calculated by the Dunnett’s 807 

multiple comparison ANOVA test (ns=not significant). (d) A scattered plot of principle components 808 

(PC) was generated by GraphPad Prism v9.00 and demonstrated the differences between the cell 809 

lines according to the genes analyzed.  810 

 811 

Figure 6.  812 



 

(a) Following dissection of MDA-MB-231GFP control cells- and MDA-hyb5 (mouse #2.5) cells- 813 

induced primary tumors and distal organ metastases including lung, liver, spleen, kidney, heart, 814 

and brain, preparation of bone marrow was performed from femoral content and RNA aliquots 815 

were subjected to RT-PCR for GFP. GAPDH transcripts served as an equal loading control. 816 

Normalization of GFP expression levels by the corresponding GAPDH ratios was performed by 817 

densitometry scanning using the image J software. The resulting quantitatively comparable GFP 818 

expression levels in the different organs are demonstrated as a logarithmic bar diagram in the lower 819 

panel. (b) Distal organs and bone marrow from mouse #2.2 were dissected after euthanization and 820 

evaluated by fluorescence microscopy whereby appropriate fluorescence should indicate formation 821 

of distant metastases. Bars represent 100µm. (c) Aliquots of lung metastases from all 4 822 

MDA-hyb5-induced mouse tumors including a corresponding no template control (NTC) were 823 

subjected to RT-PCR for mcherry and GFP detection. GAPDH transcripts served as an equal loading 824 

control.   825 

 826 

Figure 7.  827 

MDA-MB-231 and MDA-hyb5 cells were treated with the indicated concentrations of taxol and 828 

epirubicin for 24 h to 72 h, respectively. Thereafter, the cells were lyzed and measured by fluoroscan 829 

assay. The data were normalized to the 24h control cells. The relative data represent the mean ± s.d. 830 

of 3 independent experiments with 3 replicates each. Significance (p) was calculated by unpaired 831 

student’s t-test.  832 

 833 

Figure 8.  834 

(a) MDA-hyb5 cells and (b) explant cells from cultured MDA-hyb5-induced tumor #2.5 after 835 

dissection were exposed to different chemotherapeutic agents for up to 72h. Untreated control cells 836 

(white bars on the left) were followed by constantly increasing drug concentrations between 0.1 nM 837 

to 1 µM (colored bars). After treatment with the corresponding drug at the indicated concentration 838 

and incubation time the cells were lyzed and measured by fluoroscan assay. Data were normalized 839 



 

and relative fluorescence correlated to relative proliferative capacity as previously described [73]. 840 

Data represent the mean ± s.d. of 3 independent experiments with 3 replicates each.  841 

 842 

Supplementary Materials:  843 

 844 

Suppl. Figure S1: Purification of double positive cells from the co-culture (left dot blot histogram) 845 

demonstrated accumulation of mcherry+ cells, GFP+ cells and a double positive population (mcherry+ 846 

GFP+) after the second sort (right dot blot histogram). 847 

Suppl. Figure S2: Relative 72h chemosensitivities for the different drug cytotxicities were compared 848 

between MDA-hyb5 cells and explant cells from cultured mouse tumor #2.5 after dissection. 849 

Significance (p) was calculated by unpaired student’s t-test. 850 



Figures

Figure 1

The morphology and a preparation sequence are demonstrated for the generation and isolation of MDA-
MSC-hyb5 (MDA-hyb5) cells. The upper panel represents mcherry �uorescence, the middle panel GFP
�uorescence, and the lower panel the corresponding phase contrast micrographs. Bars represent 200μm.



Figure 2

(a) Gene expression in steady state cultured MDA-hyb5 cells was compared to the parental MDA-MB-
231cherry and hUC-MSC030816GFP populations by RT-PCR whereby GAPDH transcripts served as an
equal loading control. (b) Measurement of proliferative capacity was performed in steady state growing
cell lines of parental MDA-MB-231cherry breast cancer cells and several fused hybrid populations by
�uoroscan assay. Data were normalized to control cells at 24h indicating relative �uorescence which
correlates to relative proliferative capacity as previously described [38]. Data represent the mean ± s.d. of
8 replicates, respectively. (c) Short tandem repeat (STR) fragment analysis of MDA-hyb5 cells was
performed in comparison to the parental MDA-MB-231cherry and hUC-MSC030816GFP cells.



Figure 3

(a) MDA-MB-231-induced tumors (after 32 d) and (b) tumors induced by MDA-hyb5 cells. Tumor tissues
after subcutaneous injection of 2x 106 MDA-MB-231GFP or MDA-hyb5 cells, respectively, were dissected
from NODscid mice at the indicated time points and weighted.



Figure 4

(a) The average time between the earliest detection of tumors and following dissection after growth of
the tumors was calculated and compared between parental MDA-MB-231 cells (n=5) and fusion hybrid
MDA-hyb5 cells (n=4). Signi�cance (p) was calculated by unpaired student’s t-test. (b) The average tumor
weight of MDA-MB-231- and MDA-hyb5-induced tumors was calculated by the mean ± s.d., respectively.
Differences were not signi�cant. (c) After tumor cell injection of MDA-MB-231 (mouse #1.1 to #1.5) and
MDA-hyb5 (mouse #2.2 to #2.5) into the NODscid mice the tumors became �rst detectable at the
indicated time points. Continuous tumor growth and detection of appropriate sizes were measured using
a digital caliper. Progressive tumor volumes to the corresponding time points were calculated with the
longitudinal diameter (length) and the transverse diameter (width) in the modi�ed ellipsoidal formula:
volume=π/6 x width x (length)2 as previously reported [37, 72].



Figure 5

a) RNA microarray analysis of 34,126 transcripts was performed in MDA-hyb5 cells as compared to the
parental MDA-MB-231 cells. Changes in transcript levels below 2-fold were considered below cut-off. (b)
Analysis of the RNA microarray data was performed with a focus on the expression of dormancy-
associated genes (tumor necrosis factor receptor superfamily member 8 (TNFR SF8); tumor necrosis
factor receptor superfamily member 1B (TNFR SF1B); bone morphogenic protein1 (BMP1); bone
morphogenic protein7 (BMP7); transforming growth factor-beta3 (TGF-beta3); vascular endothelial
growth factor-A (VEGF-A)). Differences in fold changes are indicated for the relationship of gene
expression in MDA-MSC-hyb5 (hyb5), MDA-MSC-hyb3 (hyb3), and MDA-MSC-hyb1 (hyb1) cells versus the
parental MDA-MB-231 (MDA) cells, respectively. (c) Gene expression levels were normalized to GAPDH
and RPL13A by qPCR. Data represent the mean + SEM of the corrected expression levels (n=4) and
signi�cance (p) was calculated by the Dunnett’s multiple comparison ANOVA test (ns=not signi�cant). (d)
A scattered plot of principle components (PC) was generated by GraphPad Prism v9.00 and
demonstrated the differences between the cell lines according to the genes analyzed.



Figure 6

a) Following dissection of MDA-MB-231GFP control cells- and MDA-hyb5 (mouse #2.5) cells- induced
primary tumors and distal organ metastases including lung, liver, spleen, kidney, heart, and brain,
preparation of bone marrow was performed from femoral content and RNA aliquots were subjected to RT-
PCR for GFP. GAPDH transcripts served as an equal loading control. Normalization of GFP expression
levels by the corresponding GAPDH ratios was performed by densitometry scanning using the image J
software. The resulting quantitatively comparable GFP expression levels in the different organs are
demonstrated as a logarithmic bar diagram in the lower panel. (b) Distal organs and bone marrow from
mouse #2.2 were dissected after euthanization and evaluated by �uorescence microscopy whereby
appropriate �uorescence should indicate formation of distant metastases. Bars represent 100μm. (c)
Aliquots of lung metastases from all 4 MDA-hyb5-induced mouse tumors including a corresponding no
template control (NTC) were subjected to RT-PCR for mcherry and GFP detection. GAPDH transcripts
served as an equal loading control.



Figure 7

MDA-MB-231 and MDA-hyb5 cells were treated with the indicated concentrations of taxol and epirubicin
for 24 h to 72 h, respectively. Thereafter, the cells were lyzed and measured by �uoroscan assay. The data
were normalized to the 24h control cells. The relative data represent the mean ± s.d. of 3 independent
experiments with 3 replicates each. Signi�cance (p) was calculated by unpaired student’s t-test.



Figure 8

a) MDA-hyb5 cells and (b) explant cells from cultured MDA-hyb5-induced tumor #2.5 after dissection
were exposed to different chemotherapeutic agents for up to 72h. Untreated control cells (white bars on
the left) were followed by constantly increasing drug concentrations between 0.1 nM to 1 μM (colored
bars). After treatment with the corresponding drug at the indicated concentration and incubation time the
cells were lyzed and measured by �uoroscan assay. Data were normalized and relative �uorescence
correlated to relative proliferative capacity as previously described [73]. Data represent the mean ± s.d. of
3 independent experiments with 3 replicates each.
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