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Abstract The biological phenomenon of cell fusion plays
an important role in several physiological processes, like
fertilization, placentation, or wound healing/tissue regen-
eration, as well as pathophysiological processes, such as
cancer. Despite this fact, considerably less is still known
about the factors and conditions that will induce the
merging of two plasma membranes. Inflammation and
proliferation has been suggested as a positive trigger for
cell fusion, but it remains unclear, which of the factor(s) of
the inflamed microenvironment are being involved. To
clarify this we developed a reliable assay to quantify the
in vitro fusion frequency of cells using a fluorescence
double reporter vector (pFDR) containing a LoxP-flanked
HcRed/DsRed expression cassette followed by an EGFP
expression cassette. Because cell fusion has been impli-
cated in cancer progression four human breast cancer cell
lines were stably transfected with a pFDR vector and were
co-cultured with the stably Cre-expressing human breast
epithelial cell line. Cell fusion is associated with a Cre-
mediated recombination resulting in induction of EGFP
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expression in hybrid cells, which can be quantified by flow
cytometry. By testing a panel of different cytokines,
chemokines, growth factors and other compounds, includ-
ing exosomes, under normoxic and hypoxic conditions our
data indicate that the proinflammatory cytokine TNF-a
together with hypoxia is a strong inducer of cell fusion in
human MDA-MB-435 and MDA-MB-231 breast cancer
cells.
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Introduction

Even though it is well recognized that the biological phe-
nomenon of cell fusion plays a fundamental role in a
variety of physiological and pathophysiological events (for
review see: [1-3], considerably less is known about the
factors and conditions that facilitate the merging of the
plasma membranes of two individual cells. What is known
so far is that some of the cell fusion mediating molecules,
such as EFF-1 or syncytin-1, are of viral or retroviral ori-
gin. For instance, the EFF-1 molecules, which facilitates
cell fusion in C. elegans via homotypic zippering is
structurally homologous to viral class II fusion proteins [4].
On the contrary, syncytin-1, which is mandatory for tro-
phoblast fusion, thereby giving rise to syncytiotrophoblasts
[5, 6], rather belongs to viral class I fusion proteins [7]. It is
generally considered that syncytin-bearing retroviruses
were captured by their host independently between
12 million and 85 million ago and account for the different
structures of placentas among different species [8].

In addition to viral cell fusion-related proteins nature has
developed other strategies to facilitate cell fusion. For
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instance, so-called podosome-like structures (PLS) are
mandatory for myoblast fusion, which originate by actin
reorganization in an Arp2/3-dependent manner (for review
see: [9]). Osteoclasts originate from macrophages by cell
fusion, whereby native macrophages first develop to fu-
sion-competent macrophages in an IL-4, M-CSF and
RANKL-dependent manner (for review see: [9]). Fusion-
competent macrophages are characterized by expression of
variety of surface molecules, like E-cadherin, DC-STAMP/
OC-STAMP, CD44, CD200, SIRPa and the tetraspanins
CD9 and CD81, as well as soluble factors, such as CCL2 or
proteinases including MMP9 and MTIMMP (for review
see: [9]). Thus, the biological phenomenon of cell fusion is
not limited to the fusion process itself (the merging of the
plasma membranes), but is rather a highly regulated mul-
tistep process that can be subdivided into five parts: (1)
priming, (2) chemotaxis, (3) adhesion, (4) fusion and (5)
post-fusion [10]. Moreover, from this knowledge it can be
concluded that the ability of certain cell types, like mac-
rophages, to fuse with other cells could be turned on and
off. But what are the mediators that will turn on the cell
fusion program? A plethora of tissue regeneration studies
provided evidence that bone marrow-derived stem cells
(BMDCs) as well as cells of the myelomonocytic lineage
can adopt the phenotype of damaged foreign tissue cells by
cell fusion [11-15]. In this context, data of Johansson et al.
and Davies et al. are of interest showing that the fusion
frequency of BMDCs was markedly increased in response
to (chronic) inflammation [16, 17]. Thus, in turn suggests
that the local (chronically) inflamed tissue, comprising of
(pro)-inflammatory cytokines, chemokines, growth factors,
proteases, etc. generates a fusion-friendly milieu enabling
for example., recruited BMDCs to restore degenerated or-
gan cells. This assumption would also account for
malignant solid tumors, which resembles chronically in-
flamed tissue [18, 19]. It is well recognized that tumor cells
could fuse with normal cells, like macrophages and stem
cells, thereby giving rise to hybrid cells exhibiting novel
properties, such as an enhanced metastatic capacity and/or
an increased drug resistance, that will foster tumor pro-
gression (for review see: [20, 21]. For instance,
Rachkovsky and colleagues [22] demonstrated that hybrid
cells derived from macrophages and weakly malignant
Cloudman S91 melanoma cells possessed an enhanced
metastatic potential. Fusion of bone marrow-specific and
lung-specific metastatic sublines of the human MDA-MB-
231 breast cancer cell line gave rise to hybrid cells ex-
hibiting a dual metastasis organotropism phenotype [23].
Recently, Xu et al. [24] provided evidence that epithelial-
to-mesenchymal transition (EMT) and acquisition of stem
cell-like properties were involved in the spontaneous for-
mation of tumorigenic hybrids between lung cancer and
bone marrow-derived mesenchymal stem cells. An
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increased drug resistance was observed for hybrid cells
derived from methotrexate resistant 168FAR and 5-fluor-
ouracil-resistant 44FTO cancer cells, which not only were
resistant to both chemotherapeutic compounds, but also to
melphalan—a drug to which both parental cancer cell lines
were susceptible for [25]. Fusion of human M13SV1-
EGFP-Neo breast epithelial cells and human HS578T-Hyg
and MDA-MB-435-Hyg breast cancer cells gave rise to
various hybrid cell clones, of which some exhibited an
increased resistance towards chemotherapeutic drugs, like
doxorubicin, etoposide or paclitaxel [26]. Carloni and
colleagues [27] provided evidence that the occurrence of
cell fusion in a metastatic model of colon carcinoma
caused the appearance of 5-fluorouracil and oxaliplatin
double resistant tumor cells.

To analyze and to quantify the impact of cytokines,
chemokines or growth factors on the fusion frequency of
human breast cancer cells with a human breast epithelial
cell line exhibiting stem cell properties [26, 28, 29] a Cre-
LoxP-based cell fusion assay was developed. Thereby,
human breast cancer cells were stably transfected with a
fluorescence double reporter (FDR) vector containing a
loxP-flanked HcRed/DsRed cassette followed by an EGFP
cassette [30]. After co-cultivation of these breast cancer
cells displaying a red fluorescence with Cre-expressing
M13SV1 breast epithelial cells possessing stem cell prop-
erties Cre-mediated recombination will occur in hybrid
cells resulting in excision of the HcRed/DsRed cassette
concomitant with a stable EGFP expression and fluores-
cence [30], which can be easily quantified by flow
cytometry.

Materials and methods
Cell culture

Human MDA-MB-435 (HTB-129; LGC Standards GmbH,
Wesel, Germany), MDA-MB-231 (HTB-26; LGC Stan-
dards GmbH, Wesel, Germany), MCF-7 (HTB-22; LGC
Standards GmbH, Wesel, Germany) and HS578T (HTB
126; LGC Standards GmbH, Wesel, Germany) breast
cancer cells were maintained in standard media (MDA-
MB-435 and MDA-MB-231: DMEM; MCF-7 and
HS578T: RPMI 1640) supplemented with 10 % fetal calf
serum (FCS) and 1 % penicillin/streptomycin (PenStrep).
Media and Penstrep were purchased from Sigma-Aldrich
(Taufkirchen, Germany), whereas FCS was obtained form
Biochrom GmbH (Berlin, Germany). The human M13SV1
breast epithelial cell line exhibiting stem cell properties
[29] was kindly provided by James E. Trosko (Michigan
State University, East Lansing, MI, USA) and was culti-
vated in MSU-1 basal media (Biochrom GmbH, Berlin,
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Germany) supplemented with 10 % fetal calf serum (FCS)
(Biochrom GmbH, Berlin, Germany), 1 % penicillin/
streptomycin (100 U/ml penicillin, 0.1 mg/ml strepto-
mycin; Sigma-Aldrich, Taufkirchen, Germany), 10 pg/ml
human recombinant EGF, 5 pg/ml human recombinant
insulin, 0.5 pg/ml hydrocortisone, 4 pg/ml human trans-
ferrin, and 10 nM f-estrogen (all chemicals were
purchased from Sigma-Aldrich, Taufkirchen, Germany).
HEK?293 cells (CRL-1573; LGC Standards GmbH, Wesel,
Germany) were maintained in DMEM (Sigma-Aldrich,
Taufkirchen, Germany) supplemented with 10 % FCS
(Biochrom GmbH, Germany) and 1 % PenStrep (Sigma-
Aldrich, Taufkirchen, Germany). All cells were kept in a
humidified atmosphere at 37 °C and 5 % CO,.

Nucleofection of cells

HS578T, MDA-MB-231 and MCF-7 breast cancer cells
were stably transduced with the fluorescence double re-
porter (FDR) vector pFDR-2 [30] by nucleofection (Lonza,
Cologne, Germany) in accordance to the manufacturer’s
instructions. The pFDR-2 vector contains a loxP-flanked
HcRed-Neo-Stop cassette followed by an EGFP reporter
gene [30]. In addition to a neomycin (G418) resistance,
pFDR-2 also contains a puromycin resistance gene. Dele-
tion of the HcRed-Neo-Stop cassette by Cre-mediated
recombination results in expression of EGFP [30]. Trans-
fected cells were first selected for G418 resistance (400 pg/
ml; Biochrom GmbH, Berlin, Germany). Subsequently,
resistant clones were additionally purified by flow cy-
tometry (FACScalibur; Becton Dickenson, Heidelberg,
Germany) for sorting HcRed-positive cells using the FL4-
H channel.

Lentiviral transduction of cells

MDA-MB-435 breast cancer cells and M13SV1 breast
epithelial cells were stably transduced by a lentivirus-based
approach either using the pFDR1 vector (MDA-MB-435)
or the Cre-IRES-PuroR vector (M13SV1). The pFDRI
vector is similar to the pFDR2 vector, except that the loxP-
flanked HcRed-Neo-Stop cassette was replaced by a loxP-
flanked DsRed cassette [30]. The Cre-IRES-PuroR plasmid
was a gift from Darrell Kotton [Addgene plasmid #30205
[31]. Lentiviral particles were produced by nucleofection
of HEK293 cells with one of the above-mentioned plas-
mids as well as pMD2.G (gift from Didier Trono (Addgene
plasmid #12259)] and psPAX2 [gift from Didier Trono
(Addgene plasmid #12260)]. After 3 days the supernatant
containing lentiviral particles was collected and was added
to MDA-MB-435 cells and M13SV1 cells, respectively.

After 48 h puromycin (Sigma-Aldrich, Taufkrichen, Ger-
many) was added to cells (M13SV1-Cre-IRES-Puro: 1 pg/
ml;  MDA-MB-435-pFDR-1: 2 pg/ml).  Individual
M13SV1-Cre-IRES-Puro cell clones were picked and were
cultivated separately prior to PCR and Western Blot ana-
lysis to detect Cre expression. By contrast, MDA-MB-435-
pFDR-1 cells were further purified by flow cytometry
(FACScalibur; Becton Dickenson, Heidelberg, Germany)
for sorting DsRed-positive cells using the FL2-H channel.
All transfected cells were maintained in their respective
basal media, supplemented with 10 % FCS, 1 % PenStrep
and the appropriate antibiotic concentration in a humidified
atmosphere at 37 °C and 5 % CO,.

Western blot analysis

Cells (2 x 105) were harvested, washed once with PBS,
and were lysed in 3x Laemmli Sample Buffer (5 min,
95 °C) [32]. Samples were stored at —20 °C before being
separated on a 10 % SDS polyacrylamide gel and trans-
ferred to Immobilon-P PVDF nitrocellulose membrane
(EMD Millipore, Darmstadt, Germany) under semi-dry
conditions. Membranes were blocked overnight with 10 %
(w/v) non-fat dry milk powder in TBS-T. The following
antibodies were used in this study: Cre recombinase (rabbit
polyclonal), HIF-1a (rabbit polyclonal), TNFR1 (rabbit
monoclonal), TNFR2 (rabbit polyclonal), anti-B-actin
(rabbit monoclonal), anti-elf4E (rabbit polyclonal) and
anti-rabbit-IgG-HRP-linked (all antibodies were purchased
from New England Biolabs GmbH, Frankfurt am Main,
Germany). The exosome marker antibodies anti-HSP70
(rabbit monoclonal) and anti-CD81 (rabbit monoclonal)
were purchased from SBI (BioCat GmbH, Heidelberg,
Germany). Bands were visualized using the Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific,
Bonn, Germany) in accordance to the manufacturer’s in-
structions and were detected with Aequoria Macroscopic
Imaging System (Hamamatsu Photonics Germany,
Herrsching am Ammersee, Germany).

Exosome preparation

Exosomes from the supernatant of MDA-MB-435 and
HS578T human breast cancer cells were purified using
Total Exosome Isolation Kit (Invitrogen, Karlsruhe, Ger-
many) in accordance to the manufacturer’s instructions.
Cells were cultured for 12 h under serum-free conditions
prior to collection of the exosome-enriched supernatant.
Purified exosomes were analyzed for CD81 and HSP70
expression (western blot) and by scanning electron
microscopy.
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Scanning electron microscopy of exosomes

Polyethylene sponges have been immersed in 1 ml of 8 %
tannin and 2.5 % buffered glutaraldehyde (Na-cacodylate
0.1 M buffer pH 7.0). Five to ten drops of exosome sus-
pension were pipetted on the sponges and fixed for another
2 hat4 °C in the same solution. After fixation the exosome
containing sponges were washed twice for 15 min in Na-
cacodylate buffer and stored overnight at 4 °C. Then they
were post fixed with 1 % osium tetroxide in Na-cacodylate
buffer for 30 min again washed twice for 15 min with
buffer and stored overnight at 4 °C. Following the sponges
with exosomes were dehydrated in graded acetone, critical
point dried, and sputter coated with gold—palladium. SEM
was carried out with at Zeiss, Sigma VP SEM (Zeiss,
Oberkochen, Germany) using an In Lens SE detector at
20 kV acceleration voltage.

Cre protein transduction

Cre protein transduction was performed as described [30]
with slight modifications. In brief, HS578T-pFDR-2
(2.5 x 10% and MDA-MB-435-pFDR-1 (5 x 10%) breast
cancer cells, respectively, were seeded in chamber slides
and were grown overnight. Subsequently, 2-6 uM of HTN
Cre-fusion protein [30] was added. Cre-mediated recom-
bination (indicated by expression of EGFP) was visualized
by confocal laser scanning microscopy (Leica TCS SP5;
Leica Bensheim, Bensheim, Germany).

Cytokines, chemokines, growth factors, reagents

The following compounds were used in this study: CCL21
(Biochrom GmbH, Berlin, Germany), IL-11 (Biomol,
Hamburg, Germany), IL-4 and FGF (Invitrogen, Karlsruhe,
Germany), IL-8 (Biotrend, Cologne, Germany), NF-xB
inhibitor (CalBiochem, Merck Millipore, Schwalbach,
Germany), SDF-la, IL-la, IL-21, MCP-1, Gro-oo and
Galectin-1 (ImmunoTools, Friesoythe, Germany), TNF-a
(R&D Systems GmbH, Wiesbaden-Nordenstadt, Ger-
many), and IL-1pB, IL-6, INF-y, EGF and TGF-a (Sigma-
Aldrich, Taufkrichen, Germany). Chronic wound fluid
(CWF) was kindly provided by Dr. Oliver Thamm (Col-
gne-Mehrheim) and was isolated in accordance to [33].

Quantification of cell fusion events under normoxic
and hypoxic conditions

To quantify the frequency of cell fusion events pFDR-
transfected breast tumor cells were co-cultured with
M13SV1-Cre-PuroR breast epithelial cells in a ratio of 3:1
per well of a 96-well plate for 72 h in a humidified at-
mosphere at 37 °C and 5 % CO,. In dependence of the
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experimental setting appropriate concentrations of the
above-mentioned cytokines, chemokines, growth factors
and reagents were added. Hypoxia was induced in accor-
dance to the protocol of Voss et al. [34] with slight
modifications. In brief, cells were cultured in a stepwise
oxygen-deprivation (24 h 10 % 05,24 h5 % 05,24 h 1 %
0,) in hypoxia chambers (Billups-Rothenberg, Del Mar,
CA, USA) with constantly 5 % CO, and remainder being
nitrogen. It should be noted that no consistent standard
protocol for induction of hypoxia in tumor cells in vitro
was developed so far. Co-cultured cells were harvested,
washed once with PBS and the amount of EGFP-express-
ing cells was quantified by flow cytometry (FACScalibur;
Becton Dickenson, Heidelberg, Germany). The relative
fold change was calculated in relation to untreated co-
cultured cells (ratio of 3:1), which was set to 1. Each
condition was assayed in triplicates. Freshly harvested
pFDR-transfected breast cancer cells and M13SV1-Cre-
PuroR breast epithelial cells (ratio of 3:1) served as a
negative control to adjust the flow cytometer.

Blocking experiments

Cells were cultured under common co-culture conditions
(see above) within the presence of different concentrations
of TNF-a. To block TNFR1 and TNFR2 signaling the
following blocking antibodies were added to the cells: anti-
TNFRI1 (5 pg/ml; mouse monoclonal; R&D Systems
GmbH, Wiesbaden-Nordenstadt, Germany) and anti-
TNFR2 (1 pg/ml; mouse monoclonal; R&D Systems
GmbH, Wiesbaden-Nordenstadt, Germany).

Statistical significance

Statistical significance was calculated using a two-tailed
paired student’s ¢ test.

Results
Measuring cell fusion by Cre-LoxP recombination

The Cre-LoxP recombination technique has been success-
fully used in different studies to visualize cell fusion events
[11, 35, 36]. The advantage of this approach is that re-
combination only occurs in hybrid cells, thus minimizing
the risk of false-positive events, for example., due to in-
tercellular dye exchange [37] between cells or that cells
that do adhere to each other, but not yet have fused, might
be recognized as one. Moreover, a much more important
advantage of this approach is that cell fusion events could
be counted (and thus quantified), which, however, depends
on a suitable detection system, like the fluorescence double
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reporter (FDR) vector [30], allowing to discriminate be-
tween non-fused and fused cells. Stably transfected cells
display a bright red fluorescence that can be easily detected
by confocal laser scanning microcopy (or any other
fluorescence microscopy) and/or flow cytometry (Fig. la,
c). After Cre-mediated recombination the loxP-flanked
HcRed/DsRed cassette is excised resulting in a stable
EGFP expression and fluorescence (Fig. 1a). In Fig. la,
pFDR-expressing HS578T and MDA-MB-435 breast can-
cer cells were treated with 2 uM recombinant HTN Cre-
fusion protein [30], which contains a TAT-leader domain
enabling such proteins to pass the plasma membrane. An
efficient Cre-mediated recombination was already observ-
able after 6 h as demonstrated by a markedly green
fluorescence of the cells (Fig. 1a). Identical data were ob-
tained for MCF-7-pFDR2 and MDA-MB-231-pFDR breast
cancer cells (data not shown).

To prove whether this experimental setting is suitable
for quantifying cell fusion events, stably Cre-expressing
M13SV1 breast epithelial cells (Fig. 1b) were fused with
stably pFDR-transfected breast cancer cells by PEG and
were analyzed 24-48 h later by flow cytometry (Fig. 1c).
Our data clearly showed an increased amount of EGFP-
expressing cells indicating that Cre-loxP recombination
has occurred in fused pFDR-expressing breast cancer cells
and Cre-expressing M13SV1 breast epithelial cells. Like-
wise, we were able to identify EGFP-positive cells in co-
cultured pFDR-expressing breast cancer cells and Cre-ex-
pressing M13SV1 breast epithelial cells (Fig. 1d) clearly
showing that spontaneous fusion between these cells do
occur, which, for HS578T and MDA-MB-435 breast can-
cer cells, is in view with former studies [26, 28]. Various
ratios of stably pFDR-transfected breast cancer cells and
Cre-expressing M13SV1 breast epithelial cells were tested
before starting co-culture experiments with supplemented
reagents. Best results were obtained with a ratio of 3:1
(data not shown).

Differential effects of cytokines, chemokines
and growth factors on cell fusion

Several cytokines, chemokines, growth factors as well as
compounds like chronic wound fluid (CWF) [33] or exo-
somes were tested for their ability to promote or inhibit cell
fusion. Therefore, pFDR-transfected breast cancer cells and
Cre-expressing M13SV1 breast epithelial cells were co-
cultured within the presence of different concentrations of
distinct factors/compounds for 72 h prior to flow cy-
tometry-based analysis. The frequency of fusion events of
treated co-cultured cells was calculated in relation to the
spontaneous fusion frequency of untreated co-cultured
cells, which was set to 1. To avoid false-positive results
relative fold changes between >0.5 and <I1.5 were

excluded from statistical analysis. Figure 2 gives a brief
overview of the tested factors/compounds and their impact
on cell fusion, whereby only the results of one concentra-
tion is displayed. A more detailed overview is given in
supplemented data 1.

Among the tested factors/compounds the proinflamma-
tory cytokine TNF-o was found to be the most pro-
fusogenic factor (Fig. 2a). An increased frequency of fu-
sion events was observed for MDA-MB-435-pFDR and
MDA-MB-231-pFDR breast cancer cells both under nor-
moxic and hypoxic conditions (Fig. 2a). Interestingly, the
fusion frequency of TNF-o treated cells under hypoxic
conditions was much higher in comparison to normoxia
[e.g., MDA-MB-435-pFDR 100 ng/ml TNF-o. normoxia:
1.64 £ 045 (p<0.05) vs. hypoxia: 291+ 0.23
(p < 0.001)] suggesting that both hypoxia and TNF-o
might induce a pro-fusogenic phenotype. This assumption
would be in view co-culture data indicating that both TNF-
o and hypoxia caused a significantly increased fusion rate
of HS578T-pFDR cells (Fig. 2a). Interestingly, under
normoxic conditions TNF-a did not have an impact on the
fusion frequency of HS578T-pFDR cells (Fig. 2a). In ad-
dition to TNF-o, a pro-fusogenic effect was also observed
for IL-1pB, but only in MDA-MB-231-pFDR breast cancer
cells (Fig. 2a). Interestingly, a co-stimulation of MDA-
MB-435-pFDR, HS578T-pFDR and MDA-MB-231-pFDR
breast cancer cells with both TNF-o and IL-1 completely
abrogated the pro-fusogenic effect of either TNF-a or IL-
1B (Fig. 2a). Compared to MDA-MB-435-pFDR, HS578T-
pFDR and MDA-MB-231-pFDR breast cancer cells, no
pro-fusogenic effect of TNF-a and hypoxia was observed
for MCF-7-pFDR breast cancer cells.

A pro-fusogenic effect was observed for CWF on the
fusion of MDA-MB-435-pFDR and HS578T-pFDR breast
cancer cells under normoxic conditions, but not under
hypoxic conditions (Fig. 2b). By contrast, the fusion ca-
pacity of MDA-MB-231-pFDR and MCF-7-pFDR breast
cancer cells remained unchanged in the presence of CWF
(Fig. 2b). Stimulation of stably pFDR-transfected human
breast cancer cells and M13SV1-Cre-PuroR human breast
epithelial cells with different growth factors did not alter
the cells fusion capacity under normoxic conditions
(Fig. 2¢) as well as hypoxic conditions (supplemental data
1). By contrast, treatment of HS578T-pFDR breast cancer
cells and M13SV1-Cre-PuroR cells with both CCL21 and
SDF-1a resulted in an increased cell fusion frequency
under normoxic, but not hypoxic conditions (Fig. 2d). In-
terestingly, MCP-1 significantly impaired the fusion of
MDA-MB-435-pFDR and M13SV1-Cre-PuroR cells under
hypoxic conditions, but not under normoxic conditions
(Fig. 2d). In contrast to HS578T-pFDR cells neither
CCL21 nor SDF-1a had an impact on the fusion capacity
of MDA-MB-435-pFDR cells (Fig. 2d).
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Additionally, we further investigated whether the fusion
of MDA-MB-435-pFDR and HS578T-pFDR breast cancer
cells and M13SV1-Cre-PuroR breast epithelial cells could
be triggered by exosomes, for which a possible role in cell
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fusion events has been suggested [38]. Exosomes were
prepared from the supernatant of non-transfected MDA-
MB-435 and HS578T breast cancer cells and were ana-
lyzed by scanning electron microscopy (Fig. 3a—c) and
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«Fig. 1 Proof of principle of Cre-LoxP-mediated recombination in
HS578T-pFDR2 and MDA-MB-435-pFDR1 breast cancer cells.
Human breast cancer cells were stably transfected with either pFDR2
(HcRed—HS578T) or pFDR1 (DsRed—MDA-MB-435), whereas
M13SV1 human breast epithelial cells were stably transfected with a
Cre expression vector (Cre-PuroR). a To monitor Cre-mediated
recombination in HS578T-pFDR2 and MDA-MB-435-pFDR cells
were seeded in chamber slides and were subsequently treated with a
recombinant HTN Cre-fusion protein that can pass the cells plasma
membrane. The switch from red fluorescence towards a green
fluorescence, which is equal to Cre-mediated recombination, was
detected by confocal laser scanning microscopy clearly showing an
efficient and stable Cre-mediated recombination within 6 h. Bar
20 um. b Western blot analysis of stable Cre expression in different
passages of M13SV1-Cre-PuroR cells. The recombinant HTN Cre-
fusion protein served as a positive control. Shown are representative
western blot data. ¢ Quantification of cell fusion events by Cre-LoxP
recombination in PEG-fused pFDR-expressing breast cancer cells and
M13SV1-Cre-PuroR cells. EGFP-positive hybrid cells are located in
the lower right quadrant. d Examples of spontaneous fused HS578T-
pFDR2 and M13SV1-Cre-PuroR hybrid cells analyzed by confocal
laser scanning microscopy. Bar 10 pm

western blot for expression of the exosome markers HSP70
and CD81 (Fig. 3d). Interestingly, an inhibitory effect was
observed for MDA-MB-435- and HS578T-derived exo-
somes on the fusion of HS578T-pFDR cells, but not MDA-
MB-435-pFDR cells, under normoxic conditions (Fig. 3e).

TNF-a mediates cell fusion in a dose-dependent
manner

Because TNF-o was identified to be the most potent pro-
fusogenic factor, this cytokine and its receptors TNFR1 and
TNFR2 were analyzed more in detail. Co-culture ex-
periments revealed that TNF-a supports the fusion MDA-
MB-435-pFDR and MDA-MB-231-pFDR breast cancer
cells in a dose-dependent manner (Fig. 4a). In contrast to
this, a dose-dependent pro-fusogenic effect of TNF-a on
the fusion of HSS578T-pFDR breast cancer cells and
M13SV1-Cre-PuroR cells was only observed under hy-
poxic conditions (Fig. 4a). As expected, and in accordance
to data shown in Fig. 2, the fusion capacity of MCF-7-
pFDR and M13SV1-Cre-PuroR cells remained unaltered
within different TNF-o concentrations (Fig. 4a). To prove
whether the differential fusion capacity of human MDA-
MB-435-pFDR and MDA-MB-231-pFDR breast cancer
cells and M13SV1-Cre-PuroR breast epithelial cells in
dependence of TNF-oo might be related to a differential
TNFR1 and TNFR2 expression Western Blot studies were
conducted, whereby cells were stimulated with 100 ng/ml
TNF-o for up to 72 h and were kept under both normoxic
and hypoxic conditions. In general, under normoxic con-
ditions TNF-a stimulation was correlated with an increased
expression of both TNF-o receptors in all cells (Fig. 4b).

Interestingly, in both breast cancer cell lines a maximum of
TNFRI1 expression was observed after 48—72 h of TNF-a
stimulation, whereas in M13SV1-Cre-PuroR cells in-
creased TNFR1 levels were already detectable after
2448 h (Fig. 4b). In accordance to TNFRI1 a sustained
TNF-o stimulation was also associated with TNFR2 up-
regulation. In M13SV1-Cre-PuroR and MDA-MB-435-
pFDR stably increased TNFR2 levels were detected after
24 h of TNF-o stimulation (Fig. 4b). By contrast, a
markedly increased TNFR2 expression was first noticed
after 72 h in MDA-MB-231-pFDR cells (Fig. 4b).

Interestingly, basal TNFR2 expression levels were
higher in all cells being cultivated under hypoxic condi-
tions, whereas basal TNFR1 expression levels were
decreased (Fig. 4b). Moreover, all cell lines responded
differently to TNF-o stimulation. In M13SV1-Cre-PuroR
and MDA-MB-435-pFDR cells a slightly increased
TNFR1 expression was observed after 48 h of TNF-a
stimulation (Fig. 4b). However, compared to normoxic
conditions the TNF-a-mediated increase in TNFRI1 ex-
pression under hypoxic conditions was rather moderate
(Fig. 4b). Interestingly, a sustained stimulation of MDA-
MB-231-pFDR breast cancer cells with TNF-o under
hypoxic conditions was correlated with a time-dependent
decreased TNFR1 expression (Fig. 4b). In contrast to
normoxic conditions, TNFR2 expression levels of all cells
remained stable within the presence of TNF-o and hy-
poxia (Fig. 4b).

Blockade of TNF receptor signaling impairs cell
fusion of human breast cancer cells

To further prove the putative correlation between TNF-o
stimulation and an increased fusion frequency of the cells
co-culture experiments were conducted with MDA-MB-
435-pFDR and MDA-MB-231-pFDR breast cancer cells
within the presence of blocking TNFR1 and TNFR2 anti-
bodies. Data are summarized in Fig. 5 clearly showing that
in both cell lines and both under normoxic and hypoxic
conditions the TNF-a-induced cell fusion was virtually
completely abrogated when TNFR1 was blocked (Fig. Sa,
b). Interestingly, addition of a TNFR2-blocking antibody
also impaired the TNF-a-induced fusion of MDA-MB-435-
pFDR cells (Fig. 5a), whereby the inhibitory effect was
much higher and significant in cells cultivated under hy-
poxic conditions (Fig. 5a). On the contrary, the TNF-o-
induced fusion frequency of MDA-MB-231-pFDR breast
cancer cells remained unaltered in the presence of the
TNFR2-blocking antibody (Fig. 5b). Whether this might be
related to the differential time course of TNFR expression
between MDA-MB-435-pFDR and MDA-MB-231-pFDR
breast cancer cells (Fig. 4b) is not clear.
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<«Fig. 2 Summary of cell fusion data. Stably pFDR-transfected human
breast cancer cells were co-cultured with M13SV1-Cre-PuroR human
breast epithelial cells for 72 h in a ratio of 3:1 within the presence of
different cytokines, chemokines, growth factors and chronic wound
fluid. Shown are representative data of one applied concentration
(100 ng/ml) and normoxia and hypoxia. All tested compounds,
including different concentrations, are summarized in supplemental
data 1. The spontaneous fusion rate of co-cultured cells was set to 1.
a Cytokines, b CWF, ¢ growth factors, d chemokines. Note that TNF-
o and hypoxia potently induces cell fusion in MDA-MB-435-pFDR,
HS578T-pFDR and MDA-MB-231-pFDR breast cancer cells. Statis-
tical significance: *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 Impact of exosomes on cell fusion. To study the impact of
exosomes on cell fusion exosomes were prepared from the super-
natant of non-transfected MDA-MB-435 and HS578T breast cancer
cells. Exosome preparations were analyzed by scanning electron
microscopy (a—c) and western blot (d). Arrows point to putative
exosomes of MDA-MB-435 (a; bar 30 nm) and HS578T (b; bar
100 nm) cells. ¢ HS578T breast cancer cells containing exosomal
structures on its surface (bar 200 nm). d MDA-MB-435- and
HS578T-derived exosomes are positive for the exosome markers
HSP70 and CD81. Shown are representative western blot data.
e Interestingly, the fusion of HS578T-pFDR breast cancer cells and
M13SV1-Cre-PuroR was significantly impaired by exosomes. Statis-
tical significance: *p < 0.05

Discussion
In the present study we investigated the impact of various

cytokines, growth factors, chemokines, or exosomes as
well as normoxia and hypoxia on the fusion of human

breast cancer cell lines and a human breast epithelial cell
line using a Cre-LoxP-based assay. A transition from a red
to a green fluorescence in cells was defined as a positive
recombination and as a readout for quantification purposes.
Even though we assume that recombination in cells oc-
curred due to a previous cell fusion events between breast
epithelial cells and breast cancer cells horizontal gene
transfer (HGT) could be another cell fusion-independent
mechanism [39], which could cause a Cre-mediated re-
combination in pFDR-transfected breast cancer cells.
Thereby, pFDR-transfected breast cancer cells may have
taken up apoptotic bodies derived from M13SV1-Cre cells
containing (fragmented) DNA and/or mRNA by phagocy-
tosis [40-42]. This assumption would be in view with a
previous work of Bergsmedh and colleagues [43] in which
a Cre-LoxP-based system was applied to study HGT. HGT
is a potent mechanism how non-tumorigenic cells, like
endothelial cells or fibroblasts, could functionally acquire
tumor DNA [42, 44-46]. Moreover, data of Ehnfors and
colleagues [46] showed that tumor cell DNA is not only
taken up, but also replicated by fibroblasts and endothelial
cells suggesting that the phenotype of recipient cells could
be altered due to uptake of foreign DNA. Recent findings
revealed that in vitro cellular transformation and tumori-
genesis could be induced in murine NIH3T3 fibroblasts by
treating them with serum of colon cancer patients of su-
pernatant of SW480 human cancer cells [45]. In vivo
studies showed that immunocompetent rats subjected to
colon carcinogenesis with 1,2-dimethylhydrazine had an
increased rate of colonic tumors when injected in the
dorsum with human SW480 colon cancer cells as a source
of circulating oncogenic DNA [45].

Thus the question remains whether the turn from red to
green fluorescence was attributed to a cell fusion-inde-
pendent, a cell fusion-dependent process or a combination
of both. Comparison of the amount of the cell debris
fraction in the obtained FACS data, which also contains
apoptotic bodies, only showed a correlation for TNF-o and
CWF-treated MDA-MB-435-pFDR breast cancer cells
(supplemental data 2A, B) suggesting that the Cre-medi-
ated recombination was attributed to HGT in a cell fusion-
independent manner. On the contrary, comparison of the
amount of cell debris in relation to the fold change of
MDA-MB-435-pFDR green fluorescing cells in the TNFR-
blocking studies revealed no correlation (supplemental data
2E). For instance, the amount of cell debris of IgG1 and
TNF-o-treated MDA-MB-435-pFDR cells/M13SV1-Cre-
Puro cells was markedly increased under normoxic, but not
hypoxic conditions, albeit for both conditions a sig-
nificantly increased relative fold change of green
fluorescing cells was observed (Fig. 5a). Likewise, a
marked increase in the amount of cell debris was observed
for MDA-MB-435-pFDR cells/M13SV1-Cre-Puro cells
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Fig. 4 TNF-o induces cell fusion in a dose-dependent manner in
human breast cancer cell lines. Various concentrations of TNF-a were
tested with regard to its influence of cell fusion. a Data clearly a dose-
dependent effect on TNF-a on the fusion of MDA-MB-435-pFDR and
MDA-MB-231-pFDR breast cancer cells, which was additionally
triggered when cells were cultured under hypoxic conditions. In
accordance to MDA-MB-435-pFDR and MDA-MB-231-pFDR cells
TNF-a also induced fusion of HS578T-pFDR breast cancer cells, but
only under hypoxia. b Western blot analysis of TNFR1 and TNFR2
expression of M13SV1-Cre-PuroR breast epithelial cells and MDA-
MB-435-pFDR and MDA-MB-231-pFDR breast cancer cells under
normoxic and hypoxic conditions and in time dependence of TNF-a
stimulation (100 ng/ml). Shown are representative western blot data.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001

treated with TNF-a and anti-TNFR2 under hypoxic con-
ditions, but not for normoxic conditions (supplemental data
2E). Quantification of EGFP-expressing MDA-MB-435-
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pFDR cells treated with TNF-o and anti-TNFR2 under
normoxic and hypoxic conditions revealed similar relative
fold changes (Fig. 5). Because of this we conclude that the
observed Cre-mediated recombination processes were
mainly attributed to cell fusion events and not to HGT in a
cell fusion-independent manner. This conclusion is further
supported by the fact that for all other conditions and
compounds, which resulted in an increased number of
EGFP-positive cells, the amount of cell debris/apoptotic
bodies remained unaltered in relation to controls (supple-
mental data 2). Moreover, we have already demonstrated
that hybrid cell clones, derived from spontaneous fusion
events between human M13SV1 breast epithelial cells and
HS578T as well as MDA-MB-435 breast cancer cells ex-
hibited a nearly doubled mean chromosomal number
concomitant with an overlap of parental alleles (located on
different chromosomes) [26, 28, 47]. Nonetheless, the
impact of HGT in a cell fusion-independent manner can not
be ruled out completely.

It is well recognized that various physiological and
pathophysiological events depend on the biological phe-
nomenon of cell fusion, including fertilization,
placentation, muscle fiber formation, wound healing and
tumor progression (for review see: [2, 3]). Even though
some cell fusion mechanisms concomitant with cell fusion-
associated proteins have already been deciphered consid-
erably less is still known how the merging of two plasma
membranes is managed. The fusion of two cells is not
simply limited to the merging of the plasma membranes.
Cell fusion is a highly regulated process that can be sub-
divided into five parts: (1) priming, (2) chemotaxis, (3)
adhesion, (4) fusion and (5) post-fusion [10]. Moreover, the
finding that only some cell types possess the capability to
fuse with other cells and only under distinct conditions
indicates that the cell fusion program can be switched-on
and switched-off. Conjointly, cells are able to discriminate
between themselves and other cells. Using a self-contact-
inducing microfabricated substrate Sumida and colleagues
demonstrated that self-contacts of normal epithelial cells
are rapidly eliminated by membrane fusion between two
opposing plasma membranes of a single cell, most likely
via an E-cadherin and actin-myosin network-dependent
mechanism [48]. E-cadherin is also involved in macro-
phage fusion, thereby giving rise to osteoclasts, whereby
up-regulation of E-cadherin is induced by IL-4 [49]. IL-4
alone or in combination with M-CSF and RANKL has been
associated with induction of a fusion-competent phenotype
in macrophages [50]. Because many tumors, including
gliomas, express high levels of the IL-4 receptor it was
suggested that IL-4 might promote glioma cell—cell fusion
[40]. However, in this study IL-4 did not foster the fusion
of human breast cancer cells and human breast epithelial
cells. This can be either attributed to fact that the tested cell
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Fig. 5 Blocking of TNFR1 signaling effectively blocks the TNF-o-
induced fusion of MDA-MB-435-pFDR and MDA-MB-231-pFDR
breast cancer cells. Cells were co-cultured under normoxic and
hypoxic conditions in the presence of TNF-oo (100 ng/ml) and
monoclonal antibodies specifically blocking TNFR1 and TNFR2,
respectively. Data clearly show that blocking of TNFRI signaling
completely inhibited the TNF-a-induced fusion of both breast cancer
cell lines irrespective of normoxic or hypoxic conditions. a Data for
MDA-MB-435-pFDR cells, b data for MDA-MB-231-pFDR cells.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001

lines did not express the IL-4 receptor. On the contrary, it
cannot be ruled out that, in case of being IL-4R-positive,
the tested cell lines responded differently to IL-4 than
macrophages. Moreover, studies on macrophages revealed
that priming of macrophages towards a fusion-friendly
phenotype did not only depend on IL-4 signaling alone, but
also on cell—cell interactions, for example., via TREM-2/
DAPI12 [51]. Recently, Shabo et al. [52] demonstrated that
DAPI12 is expressed in breast cancer cells, which was
further associated with a high tumor grade, liver and

skeletal metastases and a general poor prognosis. However,
the impact of DAP12 on tumor cell fusion processes re-
mains unclear [52].

Our data indicate that three out of four tested human
breast cancer cell lines responded to TNF-o treatment un-
der hypoxic conditions with an increased fusion rate. TNF-
o is well-known proinflammatory cytokine secreted by
macrophages in response to pathogen invasion and/or tis-
sue degeneration [53]. As mentioned above, inflammation
is the strong trigger for cell fusion [16, 17]. Johansson et al.
[17] reported that chronic inflammation resulting from
severe dermatitis or autoimmune encephalitis led to robust
fusion of BMDCs with Purkinje neurons and formation of
hundreds of binucleate heterokaryons per cerebellum, a 10-
to 100-fold higher frequency than previously reported.
Similar data were provided for the fusion of BMDCs with
intestine progenitors, whereby in addition to inflammation
also proliferation was identified to be a positive trigger for
cell fusion [16]. It is well recognized that the tumor mi-
croenvironment resembles chronically inflamed tissue [18,
19]. Thus, secretion of proinflammatory cytokines, like
TNF-a, by invaded macrophages might be a putative
trigger for tumor cell fusion. However, at present it remains
unclear how TNF-o may foster cell fusion. Conceivably,
and in analogy to macrophages, we conclude that TNF-a
may prime (breast) tumor cells and their fusion partners,
like breast epithelial cells, to adopt a more fusogenic
phenotype. Blocking experiments revealed that the pro-
fusogenic effect of TNF-a chiefly depended on TNFRI1
signaling, which is known to activate several signal
transduction cascades and induction of gene expression in
an AP-1-, NF-xkB- and MAPK-dependent manner [54].
Treatment of MDA-MB-231 breast cancer cells with TNF-
o resulted in a dose-dependent up-regulation of MMP9
expression [55]. MMP9 is also up-regulated in IL-4 and/or
M-CSF/RANKL induced pro-fusogenic macrophages and
seems to be involved in the fusion process of the cells,
since decreased MMP9 levels were associated with an
impaired macrophage fusion rate [56]. Moreover, addition
of exogenous TNF-a caused an increase in the production
of MMP9 and an increased macrophage fusion frequency
[56]. Thus, TNF-o. might be a pro-fusogenic factor due to
induction of MMP9 expression in human breast cancer
cells and breast epithelial cells. However, it has to be
considered that TNF-o stimulation does not only lead to
MMP9 expression, but rather to an extensively altered gene
expression pattern in the breast cancer cells including ge-
nes that are involved in cell fusion. Thus, it remains to be
elucidated how TNF-a alters the gene expression profile of
MDA-MB-435-pFDR and MDA-MB-231-pFDR breast
cancer cells and M13SV1-Cre-PuroR breast epithelial cells
and which of the differentially regulated genes, either alone
or in combination, may contribute to cell fusion.
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In addition to TNF-a an increased fusion rate was also
observed for MDA-MB-231-pFDR cells stimulated with
proinflammatory cytokine IL-1fB. This finding is in view
the data indicating that inflammation is a positive trigger
for cell fusion. However, in accordance to TNF-o it re-
mains unknown how IL-1f promote cell fusion of MDA-
MB-231-pFDR breast cancer cells and MI13SV1-Cre-
PuroR breast epithelial cells. Like TNF-a also IL-1f can
induce MMP9 expression in BT474 breast cancer cells [57]
suggesting that IL-1p3 may promote MDA-MB-231-pFDR
cell fusion via a MMP9-dependent mechanism. However,
Ma and colleagues demonstrated that also EGF potently
induced MMP9 expression in BT474 breast cancer cells
[57]. Because our data revealed no impact of EGF on the
fusion of stably pFDR-transfected human breast cancer
cells with M13SV1-Cre-PuroR breast epithelial cells it can
be concluded that a putative induction of MMP9 expres-
sion is not sufficient for promoting cell fusion.

Even though both TNF-o and IL-1 may promote the
fusion of MDA-MB-231-pFDR breast cancer cells when
applied as single agents this pro-fusogenic effect was absent
when both cytokines were added simultaneously to the cells.
Likewise, IL-1p potently blocked the TNF-a-induced fusion
of MDA-MB-435-pFDR and HS578T-pFDR breast cancer
cells. At present this observation remains ambiguous since
both inflammatory cytokines commonly act synergistically
together during inflammatory conditions. Moreover, this
finding is opposing to data suggesting that inflammation is a
positive trigger for cell fusion. On the other hand, the
(chronically) inflamed (tumor) microenvironment does not
only consist of TNF-a and IL-1p, but is rather a complex
mixture of different cell types and of (proinflammatory)
cytokines, chemokines, growth factors, matrix metallopro-
teinases and more [58], which all have an impact on the gene
expression profile of the cells within. Thus, it cannot be ruled
out that addition of a third or fourth factor to TNF-o and IL-
1B will reverse the inhibitory IL-1f effect.

Our data further indicate that the pro-fusogenic effect of
TNF-o was markedly increased when cells were cultured
under hypoxic conditions. Comparison of MDA-MB-435-
pFDR, HS578T-pFDR and MDA-MB-231-pFDR breast
cancer cells and M13SV1-Cre-PuroR breast epithelial cells
under normoxic and hypoxic conditions yielded in similar
spontaneous fusion rates suggesting that hypoxia per se is
not a pro-fusogenic condition, but most likely acts syner-
gistically together with TNF-a. It is well recognized that
hypoxia leads to the activation of the hypoxia-inducible
factors (HIF) HIF-1o/HIF-20. and HIF-1B [59], which in-
duces the transcription of numerous hypoxia-responsive
genes including growth factors, cytokines, chemokines and
matrix metalloproteinases that regulate angiogenesis, cell
proliferation and survival, apoptosis as well as EMT, in-
vasion and metastasis [59, 60]. Moreover, in tumor cells,
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inflammatory signals like TNF-o and hypoxia not only
activate both NF-xB and HIF-la—both transcription fac-
tors also activate each other—thus providing a positive
feedback loop concomitant with an intensified expression
of NF-kB- and HIF-1a-related target genes. Because TNF-
o causes a NF-kB-dependent gene expression in cells [54],
the positive feedback loop of NF-xB and HIF-1a might be
an explanation for the increased cell fusion frequency of
MDA-MB-453-pFDR and MDA-MB-231-pFDR cells and
M13SV1-Cre-PuroR cells in the presence of TNF-o under
hypoxic conditions. Data of Tang and colleagues revealed a
hypoxia-induced expression of RANK and RANKL in a
HIF-1a-dependent mechanism in human MDA-MB-231
and MCF-7 breast cancer cell lines [61]. Moreover,
RANKL was able to induce migration in human MDA-
MB-231 breast cancer cells [62] suggesting that RANKL
may act in an autocrine and paracrine loop. In the context
of cell fusion the interplay of RANK/RANKL is of interest
since it facilitates macrophage fusion in a NF-xB-depen-
dent mechanism [63]. Whether this may point to a putative
involvement of RANK/RANKL in the TNF-o- and hy-
poxia-induced fusion of MDA-MB-231-pFDR and MDA-
MB-435-pFDR breast cancer cells is not yet clear, but
should be investigated in future studies.

In summary, here we have shown that the fusion of
human breast cancer cell lines and a human breast ep-
ithelial cell line could be quantified by a Cre-LoxP-based
recombination using a fluorescence double reporter vector.
To us, this will help to identify factors, conditions and
molecules that will favor the fusion of tumor cells con-
comitant with fostering tumor progression. Targeting these
cell fusion-related structures would be a new aim to treat
tumors in the future, thereby inhibiting the origin of tumor
promoting cancer hybrid cells.
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