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Fusion of CCL21 Non-Migratory Active Breast Epithelial
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Abstract

The biological phenomenon of cell fusion has been linked to tumor progression because several data provided evidence
that fusion of tumor cells and normal cells gave rise to hybrid cell lines exhibiting novel properties, such as increased
metastatogenic capacity and an enhanced drug resistance. Here we investigated M13HS hybrid cell lines, derived from
spontaneous fusion events between M13SV1-EGFP-Neo breast epithelial cells exhibiting stem cell characteristics and
HS578T-Hyg breast cancer cells, concerning CCL21/CCR7 signaling. Western Blot analysis showed that all cell lines varied in
their CCR7 expression levels as well as differed in the induction and kinetics of CCR7 specific signal transduction cascades.
Flow cytometry-based calcium measurements revealed that a CCL21 induced calcium influx was solely detected in M13HS
hybrid cell lines. Cell migration demonstrated that only M13HS hybrid cell lines, but not parental derivatives, responded to
CCL21 stimulation with an increased migratory activity. Knockdown of CCR7 expression by siRNA completely abrogated the
CCL21 induced migration of hybrid cell lines indicating the necessity of CCL21/CCR7 signaling. Because the CCL21/CCR7 axis
has been linked to metastatic spreading of breast cancer to lymph nodes we conclude from our data that cell fusion could
be a mechanism explaining the origin of metastatic cancer (hybrid) cells.
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Introduction harboring both human and hamster DNA [20]. Three (CD74,
CXCR4, PLAGL2) of 7 human genes found in these tumor/
hamster hybrid cells showed transcriptional activities i vivo or in
vitro for years [8]. Because all of them are implicated with
malignancy of glioblastoma these data support the thesis that
genetic hybridization of cancer and normal cells can transmit
malignancy [8]. This is in view with data demonstrating that
malignant breast cancer epithelial cells spontaneously fuse and
transform mouse stroma cells, thereby giving rise to hybrid cells of
which some possessed a mixed human and mouse karyotype
including mouse/human translocations [21]. Recent data of Wang
et al. suggested that the spontaneous fusion between prostate
cancer cells and prostate stroma cells could be a mechanism of
prostate cancer androgen-independent progression [22]. By
or- . - - cen applying a parabiosis model in which a GFP mouse was surgically
exhibiting novel properties, such as an increased tumorigenic and joined to an APCM™*:ROSA26 mouse the authors were able to
metastatic behavior as well as an increased drug resistance [3-19]. identify GFP and B-galactosidase double positive cells in the

For instance, qu}on of .weakly malignant Clogdman S91 transformed intestinal tissue of the APCM™*ROSA26 mouse
melanoma cells with murine macrophages gave rise to more

The biological phenomenon of cell fusion plays a fundamental
role in several physiological (e.g., fertilization, placenta develop-
ment, wound healing and tissue regeneration) and pathophysio-
logical (entry of enveloped viruses and cancer) processes (for
overview see: [1]). About 100 years ago the German physician
Otto Aichel first hypothesized that cell fusion might be associated
with tumor progression [2]. Aichel postulated that the fusion of
somatic cells with tumor cells could be an explanation for
chromosomal abnormalities in tumor cells [2]. Likewise, he
assumed that due to fusion, tumor cells could acquire leukocyte
function, such as the ability to migrate [2]. Within the past decades
several studies provided evidence that fusion of two tumor cells or
tumor cells and normal cells can give rise to hybrid cell lines

indicating that cell fusion has occurred [14]. Isolation of these
hybrid cells and subsequent transcriptome analysis showed identity
characteristics of both parental derivatives, but also showed a
unique subset of transcriptomes including genes known to be
modulated in metastasis [14].

aggressive hybrid cells producing metastases sooner and in more
mice [17]. Transplantation of human glioblastoma cells into the
cheek pouch of a hamster resulted in the origin of a highly
malignant and uniformly deadly for its host tumor hybrid cell line
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In a previous study we have shown that breast epithelial cells
exhibiting stem cell properties spontancously fuse with breast
cancer cells, thereby giving rise to hybrid cell lines exhibiting novel
properties, such as an altered migratory activity and an enhanced
drug resistance [4,5,23]. Flow cytometric analysis of M13HS-2
and M13HS-8 hybrid cell lines demonstrated expression of the
chemokine receptor CCR7 [5], which is a member of the seven
transmembrane G protein-coupled receptor family that has two
ligands: CCL19 and CCL21 [24]. CCLI9 is expressed by
lymphatic endothelial cells, whereas CCL21 is constitutively
expressed on specialized high endothelial venules (HEVs) of
lymph nodes, Peyer’s patches, thymus, spleen and mucosal tissue
[25,26]. CCRY7 is prevalent in various subsets of T lymphocytes
and activated dendritic cells and the interaction with its ligand
CCL21 recruits these cell populations to the lymph nodes [24,25].

In accordance to other G protein-coupled receptors CCR7
activates signal transduction via G protein-dependent and
independent mechanisms, whereby CCL19 and CCL21 elicit
different cellular functions in various cell types (for review see
[27]). For instance, both ligands induce G protein activation and
calcium mobilization, indicating PLC-B/y activation, with equal
potency, but only activation by CCL19, but not CCI21, promotes
robust desensitization of endogenous CCR7 due to receptor
phosphorylation and B-arrestin recruitment in a human T cell
lymphoma cell line [28]. The differential effects of both ligands on
CCRY7 signaling and desensitization might be attributed to striking
differences in activation of the G protein-coupled receptor (GRK)/
B-arrestin system [29]. CCL19 dependent B-arrestin? recruitment
is catalyzed by both GRK3 and GRK6, whereas CCL21 activates
GRKG6 alone indicating that GRK3 activity is involved in CCR?7
desensitization [29]. In dendritic cells CCL19/CCL21 mediated
CCR7 G protein-dependent signaling leads to activation of
MAPK family members ERK1/2 (MAPKP***% 38, and JNK
as well as PI3K (for review see [27]). In CD4 T-cells CCL21
modulates T-cell receptor signaling through Ras and Rac
dependent pathways concomitant with increased phosphorylation
levels of AKT, MEK, and MAPKP*2/4* [30]. Interestingly, neither
p38 nor JNK were phosphorylated in CCL21 co-stimulated CD4
T-cells [30] indicating CCR?7 specific signal transduction cascades
vary among different cell types. Likewise, a linkage of G protein-
coupled receptors to the MAPK signaling pathway through class
IB PI3Ky and phosphotyrosine kinase (PTK), SHC, GRB2, SOS,
RAS and RAF signaling has been reported [31]. In contrast to G
protein dependent signaling, MAPK activation is also facilitated
via a G protein-independent mechanisms due to CCL19/CCL21
mediated engagement of GRK6/B-arrestin 2 [29], which may
point to a pivotal role of MAPK activity in CCR?7 signaling.

Analysis of HEK293 CCR7 expressing cells demonstrated
calcium mobilization, MAPKP**/** and FAK phosphorylation and
induction of cell migration upon CCL21 stimulation [32]. A
CCR7 mediated PI3K and PLCy dependent invasive phenotype
independent of EGFR signaling has been reported for squamous
cell carcinoma of the head and neck (SCCHN) [33].

In the context of cancer CCR7 expression of tumor cells has
been associated with lymph node metastasis of various tumors,
including breast (for review see: [34]). Analysis of breast cancer
and lymph nodes tissue microarrays of the same patients revealed
that CXCR4 and CCR7 together with their ligands as well as
EGFR were significantly higher expressed in tumor cells with
lymph node metastasis [35]. Moreover, Kaplan-Meier survival
analysis showed that patients exhibiting high CXCR4, CCR7, and
EGFR expression experienced a shorter survival period compared
with those with low expression suggesting that these receptors can
serve as an indicator of undesirable prognosis in patients with
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breast cancer [35]. In addition to induction of a migratory
phenotype [33] and directing metastasizing tumor cells to regional
lymph nodes [34,35] the CCR7/CCL21 axis may also foster
tumor metastasis by preventing anoikis in cancer cells [36] and up-
regulation of matrix metalloproteinase-9 (MMP9) [37,38].
Because cell fusion has been linked to cancer metastasis
[6,10,13] and M13HS-2 and M13HS-8 were positive for CCR7
expression we thus investigated whether the CCL21/CCR?7 axis
could be activated in these hybrid cell lines. Our data show that
both hybrid cell lines responded to CCL21 stimulation with an
increased migratory activity. Because the migratory behavior of
parental derivatives remained unaltered in the presence of CCL21
despite CCR7 expression our data provide evidence that cell
fusion can give rise to hybrid cell lines exhibiting novel properties.

Materials and Methods

Cell culture

Cells were cultured as described previously [5]. M13SVI-
EGFP-Neo breast stem cells exhibiting stem cell characteristics
were generated by stable transfection of M13SV1 cells (kindly
provided by James E. Trosko, Michigan State University, Lansing;
[39]) with pEGFP-MCS-Neo [40]. Cells were maintained in
MSU-1 basal media (Sigma-Aldrich, Taufkirchen, Germany)
supplemented with 10% FCS (PAA Laboratories, Linz, Austria),
1% Penicillin/Streptomycin (100 U/ml Penicillin, 0.1 mg/ml
Streptomycin; PAA Laboratories, Linz, Austria), 10 pg/ml human
recombinant EGF, 5 nug/ml human recombinant insulin, 0.5 pg/
ml hydrocortisone, 4 pig/ml human transferrin, 10 nM B-estradiol
(all supplements were purchase from Sigma-Aldrich, Taufkirchen,
Germany), and 400 pg/ml G418 (Biochrom AG, Berlin, Ger-
many). HS578T-Hyg breast cancer cells were generated by stable
transfection of HS578T cells (HTB-126; LGC Standards GmbH,
Wesel, Germany) with pKS-Hyg. Cells were cultured in RPMI
1640 media (PAA Laboratories, Linz, Austria) supplemented with
10% FCS (PAA Laboratories, Linz, Austria), 1% Penicillin/
Streptomycin (PAA Laboratories, Linz, Austria) and 200 pg/ml
Hygromycin B (PAA Laboratories, Linz, Austria). M13HS-2 and
M13HS-8 hybrid cell lines derived form spontaneous fusion events
between M13SVI1-EGFP-Neo cells and HS578T-Hyg cells [5] and
were maintained in RPMI 1640 media (PAA Laboratories, Linz,
Austria) supplemented with 10% FCS (PAA Laboratories, Linz,
Austria), 1% Penicillin/Streptomycin (PAA Laboratories, Linz,
Austria), 200 ug/ml Hygromycin B (PAA Laboratories, Linz,
Austria), and 400 ug/ml G418 (Biochrom AG, Berlin, Germany).
All cells were kept at 37°C and 5% COg in a humidified
atmosphere.

Western Blot analysis

CCR7, AKT, and MAPKP**** expression as well as AKT and
MAPKP**** phosphorylation levels were determined by Western
Blot analysis. For detection of CCR7 expression cells (1x10% were
lysed in modified RIPA buffer (150 mM NaCl, 50 mM Tris-HCI
pH 7.4, 1 mM EDTA, 1 mM PMSF, 1% Triton X-100, 1%
sodium deoxycholate acid, 0.1% SDS, 5 ng/ml aprotinin, 5 pg/
ml leupeptin; all chemicals were purchased from Sigma-Aldrich,
Taufkirchen, Germany). Cell debris was removed by centrifuga-
tion and the cell lysate containing supernatant was boiled for 5
minutes in 3X Laemmli Sample Buffer [41]. To investigate AK'T
and MAPKP**** phosphorylation cells (2x10° per sample) were
kept in suspension and were treated with 500 ng/ml CCL21 for
0 min, 1 min, 2 min, 5 min and 10 min. In dependence of
blocking PI3K/AKT as well as MAPK signaling cells (2x10° per
sample) were first pre-treated with 500 nM Ly294002 (IC5, =
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1.4 uM; VWR International GmbH, Darmstadt, Germany) for
60 min or 500 nM PD98059 (MEK1: IC5, = 4 uM MEK2: 1C5,
= 50 uM; VWR International GmbH, Darmstadt, Germany) for
30 min, respectively, and then stimulated with 500 ng/ml CCL21
for 5 min. Samples were lysed in 3x Laemmli Sample Buffer (5
minutes, 95°C) [41].

Samples were separated by SDS-PAGE on a 10% SDS
polyacrylamide gel and transferred to PVDF nitrocellulose
membranes (Millipore, Schwalbach, 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: CCR7 (rabbit polyclonal, antibodies-online
GmbH, Aachen, Germany), AKT (clone 11E7; rabbit monoclo-
nal, Cell Signalling, New England Biolabs, Frankfurt am Main,
Germany), pAKT S473 (clone D9E; rabbit monoclonal, Cell
Signalling; New England Biolabs, Frankfurt am Main, Germany),
MAPKP*/** (rabbit polyclonal; Cell Signalling, New England
Biolabs, Frankfurt am Main, Germany), pl\l/\PKpd‘Z/44 (rabbit
polyclonal; Cell Signalling, New England Biolabs, Frankfurt am
Main, Germany). EIf4E (rabbit polyclonal; Cell Signalling, New
England Biolabs, Frankfurt am Main, Germany) served as a
loading control. For detection of primary antibodies the HRP-
conjugated secondary anti-rabbit IgG (Cell Signalling, New
England Biolabs, Frankfurt am Main, Germany) was used. Bands
were visualized using the LumiGLO® Reagent (Cell Signalling,
New England Biolabs, Frankfurt am Main, Germany) in
accordance to the manufacturers’ instructions and were detected
with the Aequoria Macroscopic Imaging system (Hamamatsu
Photonics Germany, Herrsching am Ammersee, Germany).
Densitometric analysis of Western Blot results was performed by
using the Image J (http://rsb.info.nih.gov/ij/) software applica-
tion. Relative intensities of native and phosphorylated proteins
were determined in relation to the housekeeping gene elf4E,
whereby untreated cells served as a control and were set to 100%.

Flow cytometry

Flow cytometry was performed on a FACScalibur floy
cytometer (Becton Dickenson, Heidelberg, Germany). Changes
in the intracellular calcium levels of cells were determined by a
flow cytometry-based measurement in accordance to Gergely et al.
[42] as described previously [23,43-45]. In brief, cells (5x10°)
were labeled with 4 uM Fluo-3 (Invitrogen, Karlsruhe, Germany)
prior to stimulation with CCL21 (500 ng/ml; Biotrend GmbH,
Cologne, Germany), U73122 (5 uM; IC5¢ = 1 — 5 pM; VWR
International GmbH, Darmstadt, Germany), or a combination of
both. Cells were pretreated with 5 uM U73122 prior to
measurements. CCL21 was added after 50 s. Subsequently, the
tube was mixed and acquisition was continued for a total of
204.80 s. For analysis, the mean fluorescence intensity (MFI) of
10 s intervals was determined, whereby the MFI of the first 50 s of
each calcium measurement without stimulus was defined as the
baseline level (MFI}, scpine). This value was compared to the MFT of
the first 60 s after stimulation (MFL;muaton): The MFLimuaton 0f
each calcium measurement was calculated in relation to the
appropriate MFIp, pine of the same experiment, which was set to
100%. Flow cytometry data were analyzed using the WinMDI 2.8
software (http://www.methods.info/software/flow/winmdi.html).

Cell migration studies

To investigate the migratory properties of cells in response to
CCL21 the 3D-collagen matrix migration assay was applied as
described previously [5,23,43,46]. In brief, liquid collagen solution
(Purecol; Nutacon BV, Leimuiden, The Netherlands) was mixed
with 10x MEM (Sigma-Aldrich, Tauftkirchen, Germany), 7.5%
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sodium bicarbonate solution (Sigma-Aldrich, Taufkirchen, Ger-
many), and cells (6x10%. In dependence of the experimental
setting CCL21 (500 ng/ml; Biotrend GmbH, Cologne, Germany),
5uM U73122 IC5y = 1 — 5 uM; VWR International GmbH,
Darmstadt, Germany), 500 nM Ly294002 (IC5, = 10 pM; VWR
International GmbH, Darmstadt, Germany), or 500 nM PD98059
(MEK1: IC59 = 4 uM MEK2: IC55 = 50 uM; VWR Interna-
tional GmbH, Darmstadt, Germany) were added to the solution.
The collagen-cell suspension was filled in self-constructed cell
migration chambers and the collagen was allowed to polymerize.
Subsequently, cell migration chambers was put under a micro-
scope into wooden boxes being tempered to 37°C. Cell migration
was recorded for at least 15 h by time-lapse video microscopy. For
data analysis, 30 cells of each sample were randomly selected and
two-dimensional projections of the paths of the migrating cells
were digitized in 15 min intervals.

CCR7 siRNA experiments

Cells (1x10°% were transfected with 450 nM ON-TARGET
plus SMART pool Human CCR7 siRNA (Thermo Fischer
Scientific Dharmacon, Epsom, United Kingdom) or control
siRNA (AllStars Negative Control siRNA, Qiagen, Hilden,
Germany) by electroporation using the Amaxa Nucleofector™
II (Lonza, Cologne, Germany) in accordance to the manufactur-
ers’ instructions. Downregulation of CCR7 expression was
determined by Western-Blot analysis.

Results

M13HS-2 and M13HS-8 hybrid cell lines possess a

functional CCR7 signaling

MI13HS-2 and M13HS-8 hybrid cell lines, which derived from
spontancous fusion events between M13SV1-EGFP-Neo human
breast epithelial cells exhibiting stem cell characteristics and
HS578T-Hyg human breast cancer cells, express the CCL21
receptor CGCR7 (Figure 1). The CCR7 expression level of
HS578T-Hyg breast cancer cells was similar to hybrid cell lines,
whereas M13SV1-EGFP-Neo cells exhibited a weaker CCR7
expression (Figure 1). Because the interaction of CCL21 with its
receptor GCR?7 has been linked to lymph node metastasis of breast
cancer and other tumor types (for review see: [34]), we first
investigated whether hybrid cell lines respond to CCL21 with an
activation of GCR7 specific signal transduction cascades including
PISK/AKT, MAPKP**** and PLC-B/v signaling [27]. Suspen-
sion cells were stimulated for 1, 2, 5, and 10 minutes with 500 ng/
ml CCL21 as well as Ly294002 (PI3K inhibitor; 500 nM) and
PD98059 (MEK inhibitor; 500 nM) and subsequently analyzed for
AKT and MAPKP*/** phosphorylation (Figure 2). In addition to
Figure 2 a densitometric analysis of Western Blot data has been
performed, which is provided as supporting information (Figure
S1).

Stimulation of HS578T-Hyg breast cancer cells with CCL21
did not result in AK'T phosphorylation (Figure 2A). By contrast, a
slight MAPKP**** phosphorylation was observed with a peak
maximum after 5 minutes of CCL21 stimulation (Figure 2A). As
expected, treatment of HS578T-Hyg cells with the PI3K inhibitor
Ly294002 did not alter pAKT levels, whereas treatment with
PD98059 resulted in decreased pMAPKP*?** Jevels in CCL21
stimulated cells (Figure 2A). Interestingly, we also noticed
decreased pMAPKP*** Jevels in Ly294002 plus CCL21 stimu-
lated HS578T-Hyg cells (Figure 2A), which may point to a
possible cross-talk between PISK/AKT signaling and MAPKP*?/
* signaling,
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Figure 1. CCR7 expression of parental cell lines and hybrid cell
lines. CCR7 expression was detected by Western Blot analysis, whereby
elf4E expression was used as an internal control. Shown are
representative Western Blot data of n=3 independent experiments.
doi:10.1371/journal.pone.0063711.g001

Stimulation of MI13SV1-EGFP-Neo breast epithelial cells
exhibiting stem cell characteristics with CCL21 indicated activa-
tion of PISK/AKT and MAPKP*** gignaling with a peak
maximum after 5 minutes (Figure 2B). However, compared to
MAPKP*2/44 phosphorylation activation of PI3K/AKT signaling
was rather moderate in this cell line as indicated by faint pAKT
levels (Figure 2B). Treatment of M13SVI-EGFP-Neo cells with
Ly294002 and PD98059 resulted in decreased AKT and
MAPKP*/** phosphorylation levels (Figure 2B). Interestingly,
inhibition of PI3K activity by Ly294002 also impaired MAPKP**
** phosphorylation (Figure 2B), which is similar to HS578T-Hyg
breast cancer cells (Figure 2A). Conjointly, treatment of M13SV1-
EGFP-Neo cells with PD98059 also caused decreased pAKT levels
(Figure 2B). Again, these data suggest that a putative crosstalk
between PISK/AKT signaling and MAPK signaling do also exist
in M13SV1-EGFP-Neo breast epithelial cells exhibiting stem cell
properties.

MI13HS-2 and M13HS-8 hybrid cell lines revealed a similar
CCL21 mediated AKT and MAPKP**** phosphorylation pattern
(Figure 2C,D). Cells showed a time-dependent increased AKT and
MAPKP*/** phosphorylation with a peak maximum after 5 to 10
minutes (Figure 2C,D). However, compared to M13HS-2 hybrid
cells the CCL21 mediated AKT phosphorylation was rather
moderate in the M13HS-8 hybrid cell line, which might be
attributed to the fact that M13HS-8 cells possessed higher basal
pAKT levels (Figure 2D). Co-treatment of M13HS-2 hybrid cells
with Ly294002 and CCL21 as well as PD98059 and CCL21
resulted in decreased pAKT and pMAPKP**** levels (Figure 2C).
Moreover, Ly294002 plus CCL21 also impaired MAPKP*/**
phosphorylation, whereas pAKT levels were also decreased in
PD98059 plus CCL21 treated M13HS-2 hybrid cells (Figure 2C),
which is similar to M13SV1-EGFP-Neo breast epithelial cells
exhibiting stem cell properties (Figure 2B) and which suggests a
putative active crosstalk between PISK/AKT signaling and
MAPKP*/** ionaling.

Co-treatment of M13HS-8 hybrid cells with Ly294002 and
CCL21 as well as PD98059 and CCL21 also resulted in decreased
pAKT and pMAPKP*?/** Jevels (Figure 2D). However, in contrast
to M13HS-2 hybrid cells, the PI3K inhibitor Ly294002 did not
impair  MAPKP****  phosphorylation in  MI13HS-8  cells
(Figure 2D). By contrast, treatment of M13HS-8 hybrid cells only
decreased basal pAKT levels, but did not alter CCL21 induced
AKT phosphorylation (Figure 2D).
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In summary, all tested cell lines responded to CCL21
stimulation with activation of CCR7 specific signal transduction
cascades, but differ in the intensity and kinetics of these signal
cascades.

Calcium measurements

In addition to Western Blot studies analyzing PISK/AKT and
MAPK signaling we also performed flow cytometry based calcium
measurements [23,43-45] to investigate whether the CCL21/
CCR?7 axis does also active PLC-B/v signaling. Flow cytometry
based calcium measurements revealed no significant CCL21
mediated calcium influx in M13SV1-EGFP-Neo and HS578T-
Hyg parental cells (Figure 3). By contrast, both hybrid cell lines
showed significantly increased intracellular calcium levels upon
CCL2! stimulation indicating activation of PLC-B/y signaling
(M13HS-2 control: 0%£8% vs. 500 ng/ml CCL21: 26%9%,
p<<0.01; MI13HS-8 control: 0*5% vs. 500 ng/ml CCL21:
40%£6%, p<<0.001; Figure 3). This was further supported by
addition of the PLC-B/y inhibitor U73122 that completely
abolished the CCL21 mediated calcium influx in M13HS-2 and
-8 hybrid cell lines (M13HS-2: 500 ng/ml CCL21: 26=9% vs.
5 uM U73122 + 500 ng/ml CCL21: 0+9%, p<<0.001; M13HS-8:
500 ng/ml CCL21: 40*6% vs. 5 uM U73122 + 500 ng/ml
CCL21: 3+4%, p<0.001; Figure 3).

M13HS-2 and M13HS-8 hybrid cell lines respond to
CCL21 with an increased migratory activity

Because the CCL21/CCR7 axis has been associated with
lymph node metastasis of breast cancer (for review see: [34]) cell
migration studies were conducted by using the 3D-collagen matrix
migration assay. In addition to naive cells cell migration studies
were also performed with cells either transfected with specific
CCR7 siRNA or scrambled control RNA (scRNA). CCR7
expression data are summarized in Figure 4A and show a reduced
CCR7 expression in CCR7 siRNA transfected cells, whereas
CCR7 levels of scRNA transfected cells were comparable to naive
cells (Figure 4A).

Both parental cell lines did not show an altered migratory
activity in the presence of CCL21 (Figure 4B,C). By contrast, the
locomotory activity of both M13HS-2 and M13HS-8 hybrid cell
lines was markedly increased upon CCL21 stimulation (M13HS-2
500 ng/ml CCL21: 160£23%, p<<0.001; M13HS-8 500 ng/ml
CCL21: 173%27%, p<0.001; Figure 4D,E). Knockdown of
CCRY7 expression by siRNA had no impact on the migratory
activity of parental M13SVI-EGFP-Neo breast epithelial cells
exhibiting stem cell properties and HS578T-Hyg breast cancer
cells as compared to naive and scRNA transfected cells
(Figure 4B,C). By contrast, knockdown of CCR7 expression in
M13HS-2 and MI13HS-8 hybrid cell lines resulted both in a
significantly decreased locomotory activity (M13HS-2 scRNA +
CCL21: 169%13% vs. CCR7 siRNA + CCL21: 63%8%;
p<0.001; M13HS-8 scRNA + CCL21: 181%£37% vs. CCR7
siRNA + CCL21: 83%£29%; p<<0.01; Figure 4D,E). These data
indicate that the CCL2]1 mediated induction of M13HS-2 and
MI13HS-8 cell migration is mediated via CCR7 signaling.

Differential engagement of CCR7 signal transduction
cascades in the CCL21 induced migration of hybrid cell
lines

Western Blot data and calcium measurements revealed a
differential engagement of signal transduction cascades in
MI13HS hybrid cell lines in comparison to their parental
derivatives. To investigate the influence of PLC-B/vy, PISK/
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Figure 2. Analysis of signal transduction cascades initiated by CCL21/CCR?7 signaling. Cells were treated with 500 ng/ml CCL21 for 0, 1, 2,
5, and 10 minutes. For inhibitor studies cells were preincubated for 60 minutes with 500 nM Ly29004 or 30 minutes with 500 nM PD98059,
respectively. Cells were analyzed for AKT phosphorylation and MAPKP*?4* (MAPK) phosphorylation, whereby elf4E was used as a housekeeping gene.
Values indicate the relative intensities of proteins in relation to elf4E, which was set to 100%. Shown are representative Western Blot data of n=3
independent experiments. (A) HS578T-Hyg breast cancer cells, (B) M13SV1-EGFP-Neo breast epithelial cells exhibiting stem cell characteristics, (C)

M13HS-2 hybrid cells, (D) M13HS-8 hybrid cells.
doi:10.1371/journal.pone.0063711.9002

AKT, and MAPK signaling in the CCL21 induced migration of
M13HS-2 and -8 hybrid cell lines the migratory activity of the cells
was measured in the presence of specific inhibitors (U73122:
5 uM; Ly294002: 500 nM; PD98059: 500 nM) targeting the
above mentioned signal transduction cascades.

Analysis of HS578T-Hyg cells showed a marked inhibitory
effect of U73122 on the cells migratory activity, which was similar
to U73122 plus CCL21 treated cells (U73122: 38%7%; p<0.001;
U73122 + CCL21: 29%+8%; p<<0.001; Figure 5A) indicating that
the matrix induced migration of HS578T-Hyg breast cancer cells
depends on PLC-B/y signaling. By contrast, treatment of
HS578T-Hyg breast cancer cells with the PI3K inhibitor
Ly294002 did not alter the cells migratory activity (both control
and CCL21 treated cells) (Figure 5A), which is in view with
Western Blot studies showing no AKT phosphorylation in CCL21
stimulated HS578T-Hyg cells (Figure 2A). Likewise, inhibition of
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MAPKP*#/** gionaling with PD98059 had no effect on the
migration of both control and CCL21 stimulated HS578T-Hyg
breast cancer cells albeit cells displayed increased MAPKP#/41
levels upon CCL21 stimulation (Figure 2A). Moreover, because
the PI3K inhibitor Ly294002 also blocked the CCL21 induced
MAPKP*/#* phosphorylation in HS578T-Hyg cells (Figure 2A),
but did not alter the cells migratory behavior these data suggest
that MAPKP**** signaling is not involved in the migration of
HS578T-Hyg breast cancer cells.

Analysis of M13SVI-EGFP-Neo breast epithelial cells exhibit-
ing stem cell characteristics showed that the migratory activity of
the untreated and CCL21 stimulated cells was decreased in the
presence of both U73122 (U73122: 78%=31%; p<<0.01; U73122 +
CCL21: 78%23%; p<<0.01; Figure 5B) and Ly294002 (Ly294002:
55%+20; p<0.001; Ly294002 + CCL21: 55*24%; p<0.001;
Figure 5B. By contrast, blockade of MAPKP**/** signaling with
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Figure 3. Calcium measurements. The diagram shows the mean calcium influx in CCL21 stimulated cells. An increase in cytosolic calcium levels
was only observed in M13HS-2 and M13HS-8 hybrid cells. To prove whether the CCL21 induced calcium influx in these cell lines depended on PLC-B/y
activity, appropriate calcium measurements within the presence of 5 uM U73122 were performed. Cells were preincubated for 5 minutes with
U73122 prior to analysis. Shown are the mean=SD of n=3 independent experiments. Statistical significance was calculated using Student’s t-test:

n.s. = not significant; ** = p<<0.01; *** = p<<0.001.
doi:10.1371/journal.pone.0063711.g003

PD98059 did not alter the cells locomotory behavior (Figure 5B).
These data indicate that the matrix-induced migration of the
M13SV1-EGFP-Neo cells depends on PLC-B/y and PI3K/AKT,
but not on MAPK signaling.

Western Blot studies revealed that Ly294002 also inhibited
MAPKP*/** phosphorylation in M13SV1-EGFP-Neo and that
PD98059 blocked AKT phosphorylation in CCL21 stimulated
M13SV1-EGFP-Neo cells, respectively (Figure 2B), suggesting a
crosstalk between PISK and MEK/MAPK signaling and vice
versa. However, M13SVI1-EGFP-Neo cell migration predomi-
nantly depends on PI3K/AKT signaling, but not MAPKP!/4*
signaling. Thus, even though these crosstalks seems to be active in
MI13SV1-EGFP-Neo cells they are not involved in the cells
migratory behavior. Otherwise, a PD98059 dependent effect
should have been observed.

M13HS-2 and M13HS-8 hybrid cell lines responded differently
to the PLC-B/v inhibitor U73122. Both the matrix-induced and
CCL21 induced migration of M13HS-2 hybrid cells was blocked
by U73122 (U73122: 80%+9%; p<0.001; U73122 + CCL21:
112%216%; p<<0.001; Figure 5C) indicating the necessity of PLC-
B/ activity in directing M13HS-2 cell migration. By contrast,
inhibition of PLC activity by U73122 neither altered the
spontancous nor the CCL21 mediated migratory activity of
MI13HS-8 cells (Figure 5D) albeit calcium measurements demon-
strated a CCL21 induced calcium influx in M13HS-8 hybrid cell
lines (Figure 3). Thus, PLC-B/y signaling is not involved in the
spontaneous and the CCL21 induced migration of M13HS-8 cells.

Treatment of M13HS-2 hybrid cells with the PI3K inhibitor
Ly294002 and the MEK inhibitor PD98059 significantly blocked
the CCL21 induced cell migration of the cells, but had no effect on
the spontaneous migration of the cells (Ly294002: 112%+19%; n.s.;
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Ly294002 + CCL21; p<0.001; PD98059: 103*13%; n.s.;
PD98059 + CCL21: 119%24%: p<0.001; Figure 5C). Migration
data of M13HS-2 hybrid cells are in view with Western Blot data
demonstrating a CCL21 dependent activation of PI3K/AKT and
MAPK signaling (Figure 2C). Western Blot data further revealed
that Ly294002 impaired MAPKP**/** phosphorylation and that
PD98059 inhibits AKT phosphorylation in CCL21 stimulated
M13HS-2 hybrid cells. Because the inhibitory effect was nearly
similar for both inhibitors it may be speculated that each inhibitor
impaired the CCL21 induced migration of M13HS-2 by blocking
both PI3K/AKT and MAPK signaling. By contrast, in untreated
MI13HS-2 hybrid cells each inhibitor specifically blocked its target
molecule (and pathway) (Figure 2C). For instance, pAKT levels
were decreased in Ly294002 treated MI13HS-2 cells, but
PMAPKP*/** levels remained unaltered as compared to control
cells (Figure 2C). Thus, even if one signal transduction pathway
(e.g., PISK/AKT) is blocked in M13HS-2 hybrid cells, intracel-
lular processing of cell migration signals induced by the
surrounding matrix could be facilitated by another signal
transduction pathway (e.g., MAPK).

In contrast to M13HS-2 hybrid cells Ly294002 significantly
blocked both the spontaneous and the CCL21 induced migration
of MI3HS-8 hybrid cells (Ly294002: 75%=27%; p<<0.001;
Ly294002 + CCL21: 73%25%; p<<0.001; Figure 5D), which
might be attributed to the fact that M13HS-8 hybrids already
exhibited markedly elevated basal pAKT levels that are effectively
blocked by Ly294002 (Figure 2D). In accordance to M13HS-2
hybrid cells inhibition of MAPKP**/** activity by PD98059 only
blocked the CCL21 induced, but not the spontaneous migration of
M13HS-8 hybrid cells (PD98059: 93+15%; n.s.; PD98059 +
CCL21: 127x20%; p<<0.001; Figure 5D). PD98059 effectively
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Figure 4. Knockdown of CCR7 expression abolish the CCL21 induced migration of M13HS hybrid cell lines. The migratory activity was
analyzed using the 3D collagen matrix migration assay combined with time-lapse video-microscopy. For a better comparison the locomotory
activities of CCL21 stimulated cells were calculated in relation to untreated control cells, which were set to 100%. Cells were stimulated with 500 ng/
ml CCL21. Shown are the mean*SD of n=3 independent experiments. (A) HS578T-Hyg breast cancer cells, (B) M13SV1-EGFP-Neo breast epithelial
cells exhibiting stem cell characteristics, (C) M13HS-2 hybrid cells, (D) M13HS-8 hybrid cells. Statistical significance was calculated using Student'’s t-

test: *** = p<<0.001.
doi:10.1371/journal.pone.0063711.g004

impaired MAPKP*?** phosphorylation in untreated and CCL21
stimulated M13HS-8 cells (Figure 2D), which is similar to
M13HS-2 cells. By contrast, treatment with PD98059 resulted in
decreased pAKT levels in untreated M13HS-8 hybrid cells,
whereas pAKT levels of PD98059 plus CCL21 co-treated were

PLOS ONE | www.plosone.org

comparable to CCL21 stimulated MI3HS-8 hybrid cells
(Figure 2D). The finding that blockage of PI3K/AKT signaling
resulted in a much higher inhibition of M13HS-8 cell migration
than blockage of MAPK signaling might indicate that cell
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Figure 5. The CCL21 induced migration of M13HS hybrid cell lines depends on a different signal transduction cascades. The
migratory activity was analyzed using the 3D collagen matrix migration assay combined with time-lapse video-microscopy. For a better comparison
the locomotory activities of CCL21 and inhibitor stimulated cells were calculated in relation to untreated control cells, which were set to 100%. Cells
were treated with 500 ng/ml CCL21, 5 uM U73122, 500 nM Ly294002, and 500 nM PD98059. Shown are the mean®=SD of n=4 independent
experiments. (A) HS578T-Hyg breast cancer cells (B) M13SV1-EGFP-Neo breast epithelial cells exhibiting stem cell characteristics, (C) M13HS-2 hybrid
cells, (D) M13HS-8 hybrid cells. Statistical significance was calculated using Student’s t-test: “*"” = statistical significance vs. control: ** = p<0.01;
*** = p<0.001. “+” = statistical significance vs. CCL21: ++ = p<0.01; +++ = p<0.001.

doi:10.1371/journal.pone.0063711.g005

migration signals are predominantly processed via PI3K/AKT
signaling in this hybrid cell line.

Discussion

In the present study we investigated the migratory activity of
MI13HS-2 and M13HS-8 hybrid cell lines in response to the
chemokine CCL21. Our data clearly show that both hybrid cell
lines responded to CCL21 stimulation with an increased migratory
activity indicating that fusion of CCL21 non-responding breast
epithelial cells exhibiting stem cell characteristics and breast
cancer cells can give rise to CCL21 responding hybrid cell lines.

The CCL21/CCR7 axis has been associated with lymph node
metastasis of several cancers, including breast (for review see: [34]).
Data of Cabioglu and colleagues provided evidence that CCR7
together with CXCR4 are valid biomarkers predicting axillary
lymph node metastasis in T'1 breast cancer [47]. More recent data
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indicated that in addition to CXCR4 and CCR7 and its ligands
also EGIR was significantly higher expressed in breast tumor cells
with lymph node metastasis, which was correlated to shorter
survival period of afflicted patients [35]. The correlation between
CCRY7 expression and lymph node metastasis of tumor cells was
further approved in animal studies. PyVmT mammary tumor cells
expressing CGCR7 preferentially colonized the lymph nodes,
whereas CCR7 negative PyVmT breast cancer cells metastasized
to lung tissue [48]. Likewise, stable expression of CCR7 in B16
melanoma cells resulted in a markedly increased lymph node
metastasis as compared to empty vector transfected B16 melano-
ma cells [49]. The correlation between CCR7 expression and
lymph node metastasis was further verified by administration of
neutralizing anti-CCL21 antibodies that markedly blocked lymph
node metastasis of CGCR7 expressing B16 melanoma cells [49].
Data of Wiley and colleagues further indicate that CCL21, and
not CCLI19, preferentially mediates lymph node metastasis of
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cancer cells. This might be attributed to findings showing that
CCL19 is predominantly expressed by lymphatic endothelial cells,
whereas CCL21 is constitutively expressed on specialized high
endothelial venules (HEVs) of lymph nodes, Peyer’s patches,
thymus, spleen and mucosal tissue [25,26]. Moreover, several lines
of evidence suggested that CCL19 and CCL21 have different
properties on CCR?7 activation and receptor internalization
[28,50-52]. In fact, CCL19, but not CCL21, induced a rapid
time- and concentration dependent CCR7 internalization and
desensitization, thereby decreasing the ability of CCR7 expressing
cells to respond to a second stimulus [28,50]. Dendritic cells
migrated more efficiently towards CCL21 gradients albeit cells
displayed similar sensitivities to both chemokines suggesting how
CCLI19 and CCL21 may signal differently to fine-tune dendritic
cell homing and positioning within the lymphatic system [51].
Studies of dendritic cell homing into lymph node in CCL19 and
CCL21 deficient mice revealed that a complete deficiency of
CCL19 and CCL21, but not CCL19 alone, was found to be
associated with abnormal frequencies and localization of dendritic
cells in naive lymph nodes [53]. Likewise, CCLI19 was not
required for dendritic cell migration from the skin, full dendritic
cell maturation and efficient T lymphocyte priming suggesting that
CCL21 1s the critical CCR7 ligand regulating dendritic cell
homeostasis and function i viwo [53], which may also belong to
cancer metastasis.

The biological phenomenon of cell fusion has been linked to
cancer progression. A plethora of data demonstrated that hybrid
cells could exhibit tumor promoting properties such as an
increased tumorigenic and metastatic behavior, an increased
proliferation rate as well as an increased drug resistance [3—19].

However, cell fusion is associated with an increased level of
aneuploidy and genetic instability (such as loss of chromosomes,
translocation, deletions, amplification) in hybrid cells and each of
these processes runs in a different manner in each evolving hybrid
cell clone resulting in a unique hybrid cell phenotype [54]. Thus,
cell fusion resembles Darwinian evolution and only the fittest
hybrid cells will survive. Elderly cell culture experiments demon-
strated that the survival rate of hybrid cells was solely around 1%
[55,56], which is in agreement with recent data of Wang and
colleagues that estimated a cell fusion frequency of about 1.4%
[22]. Moreover, Wang et al. were able to study the fate of single
hybrid cells for several weeks [22]. Interestingly, hybrid cells firstly
remain in a quiescent state for 4 weeks with no signs of cell division
and about half of the hybrids perished within 6 weeks, possibly due
to so-called mitotic catastrophe [22,57]. In less than 5% of the
remaining hybrids, cell division became conspicuous at 8 weeks,
whereby most daughter cells showed mutually divergent morphol-
ogies and died [22].

Considering that the mean survival rate of hybrid cells is about
1 to 1.5% it can be concluded that a tumor of I cm?
approximately consisting of 1x10° cells, should harbor about
1x10° to 1.5x10° proliferating hybrid cells. At a first glance, this
cell number seems to be rather low. However, hybrid cells are
proliferating, and even may possess an increased proliferation rate
than normal tumor cells [6], thus the number of hybrid cells
exhibiting novel properties is increasing permanently. Moreover, it
should be emphasized that the fusion between tumor cells and
other cells is not a one-time, but rather a permanent process.
Tumor tissue resembles chronically inflamed tissue [58,59] and
(chronic) inflammation together with proliferatory conditions are
two strong mediators of positively triggering cell fusion [60]. Thus
it can be assumed that the frequency of cell fusion events should be
increased in cancerous tissues, which should also have an impact
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on the number of surviving hybrid cells exhibiting novel
properties.

The finding that M13HS hybrid cell lines possess a different
phenotype and properties than their parental derivatives is in view
with the hypothesis that cell fusion plays a crucial role in cancer
progression [3,6,10,13]. Goldenberg and colleagues reported
about fusion events between hamster somatic cells and hamster
tumor cells that occurred i vivo and which gave rise to stable
hybrid cells that were uniformly lethal for its hamster host [7,20].
Hybrid cells derived from fusion events between weakly malignant
Cloudman S91 melanoma cells and murine mouse macrophages
carried both mouse and human chromosomes and expressed
human genes [17,61]. Moreover, these hybrid cells also showed an
increased motility i vitro, an enhanced metastatic potential i vivo,
and also tended to be super melanotic [17,61,62]. Andersen and
co-workers demonstrated that multiple myeloma patient-derived
osteoclasts contained normal macrophage nuclei as well as
multiple myeloma nuclei harboring chromosomal translocation
suggesting that these cellular entities have originated by cell fusion
[63]. The nuclei of myeloma B cell clone origin appeared fully
integrated amongst the other nuclei and were transcriptionally
active [63]. Because of that the authors concluded that fusion of
osteoclasts and multiple myeloma cells leads to a reprogramming
and/or transformation of these hybrid cells, thereby giving rise to
highly efficient bone resorbing hybrid cells, which might be a
possible explanation for the unrecognized mechanism of bone
destruction in multiple myeloma patients [63]. By surgically
joining a GFP mouse to an APCM™*:ROSA26 mouse (a so-called
parabiosis model), GFP and B-galactosidase double positive cells
were identified in the transformed intestinal tissue of the APCM™/
*ROSA26 mouse indicating that cell fusion has occurred [14].
Isolation of these hybrid cells and subsequent transcriptome
analysis revealed identity characteristics of both parental deriva-
tives, but also showed a unique subset of transcriptomes including
genes known to be modulated in metastasis [14] further suggesting
that fusion between tumor cells and macrophages might be a
unifying explanation for metastasis [13]. In addition to macro-
phages stroma cells and stem (-like) cells have also been identified
as fusion partners for tumor cells. Data of Jacobsen et al. revealed
that breast cancer epithelial cells can fuse with mouse stroma cells,
thereby giving rise to highly malignant hybrid cells possessing an
increased tumor initiation capacity [21]. Interestingly, hybrid cells
do not only harbor both murine and human chromosome, but in a
subset of hybrid cells (about 8%) also mouse/human chromosomal
translocations were detected [21] that further contribute to the
heterogenic character of hybrid cells. Recently, the spontaneous
fusion of cancer-stromal cells was postulated as a possible
mechanism of prostate cancer androgen-independent progression
[22]. Cultivation of androgen-dependent LNCaP prostate cancer
cells with cancer-associated prostate myofibroblast cells resulted in
frequent fusion events and the origin of hybrid cells exhibiting
genomic alterations concomitant with an androgen-independent
phenotype [22]. Our own studies provided evidence that tumor
cells could also fuse with stem cells or stem-like cells, thereby giving
rise to hybrid cell lines exhibiting novel properties, like an altered
migratory activity and/or an enhanced drug resistance [3—
5,23,64]. M13MDA435 hybrid cell lines, which derived from
spontaneous fusion events between M13SV1-EGFP-Neo epithelial
cells exhibiting stem cell characteristics and the EGF non-
responsive MDA-MB-435-Hyg breast cancer cells, responded to
EGF stimulation with an increased migratory activity [5,23].
Hybrid cell lines derived form spontaneous fusion events between
murine BMDCs and 67NR-Hyg mouse mammary carcinoma cells
possessed a markedly increased resistance towards doxorubicin,
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paclitaxel, etoposide and 17-DAMG as compared to their
chemotherapeutic drug sensitive parental derivatives [64].

Both hybrid cells responded to the chemokine CCL21 with an
increased migratory activity, which was different to the parental
derivatives albeit they are positive for CCR7 and CCR?7 signaling.
Compared to HS578T-Hyg breast cancer cells and M13HS
hybrids M13SV1-EGFP-neo breast epithelial cells exhibiting stem
cell characteristics expressed markedly lower CCR?7 levels, which
might be an explanation for previous flow cytometry data showing
virtually no CCR7 expression on M13SV1-EGFP-Neo cells [5].
Thus, surface expression of CCR7 on M13SV1-EGFP-Neo might
be too low to be detected by conventional flow cytometry.
Likewise, chemokine receptors are often stored in intracellular
vesicles [65] and thus remain invisible if solely chemokine
receptors located in the plasma membrane are stained. Nonethe-
less, stimulation of M13SV1-EGFP-Neo cells with CCL21 resulted
in activation of PISK/AKT and MAPK signaling further
indicating functional CCR7 expression.

It is well recognized that chemokines can also bind to so-called
atypical chemokine receptors (ACRs), which have also been
termed decoy receptors or silent receptors due to their capability to
support internalization and degradation of chemokines [66].
Likewise, most ACRs fail to activate signal transduction directing
chemotaxis [66]; a matter that also applies to the CCL21 specific
ACR CCRLI (also named GCX-CKR) [67]. In fact, CCRLI
(CCX-CKR) did not couple to signaling pathways present in
HEL293 cells used by most other chemokine receptors, such as
Gyi-containing heterotrimeric G-protein complexes [67]. More-
over, as reviewed by Comerford and colleagues CCX-CKR
internalization depends on caveolins, which is different to the
clathrin-coated pits and PB-arrestin dependent internalization of
conventional G-protein coupled receptors [68]. Thus, we conclude
that the CCL21 observed effects in the investigated cell lines and
hybrid cells lines truly depended on the interaction of CCL21 with
its receptor CCR7.

The reason why both hybrid cell lines responded to CCL21
stimulation with an increased migratory activity, but not the
parental cells albeit they displayed a functional CCR7 signaling as
indicated by enhanced pMAPKP**/** levels, remains ambiguous.
Western Blot studies, calcium measurements and cell migration
studies revealed a differential PLC-f/y, PI3K/AKT and
MAPKP*** ignaling upon CCL21 stimulation among parental
cell lines and hybrid cell lines. However, the CCL21 induced
migration of both hybrid cell lines can not be simply attributed to
the activation of a certain signal transduction pathway. For
instance, both hybrid cell lines displayed a CCL21 mediated
calcium influx, but inhibition of PLC-B/7y activity by U73122 only
impaired the migration of M13HS-2 hybrid cells, whereas the
migration of MI13HS-8 hybrid cells remained unchanged.
Likewise, both the spontanecous and CCL21 induced migration
of M13HS-8 hybrid cells was effectively blocked by the PISK
inhibitor Ly294002, whereas in M13HS-2 cells only the CCL21
induced migration depended on PISK/AKT signaling. The
differential susceptibility of M13HS-2 and M13HS-8 hybrid cell
lines towards Ly294003 inhibition might be explained to the
higher basal pAKT levels in M13HS-8 hybrid cells, possibly
attributed to autocrine and paracrine loops or a to differential
regulation of AKT dephosphorylation. By contrast, M13SV1-
EGFP-Neo breast epithelial cells exhibiting stem cell properties
does not exhibit elevated basal pAKT levels even though the cells
spontaneous migratory activity was significantly blocked by
Ly294002.

Likewise, CCL21 mediated MAPKP**/** phosphorylation was
markedly enhanced in M13SV1-EGFP-Neo cells, M13HS-2 cells
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and MI13HS-8 cells, but not in HS578T-Hyg cells. CCR7
dependent MAPKP*/** activity is triggered via G protein-
dependent and —independent mechanisms (for review see [27]).
Thus, MAPKP*** activation in M13SVI-EGFP-Neo cells,
MI13HS-2 cells and M13HS-8 cells could be attributed to both
G protein mechanisms. By contrast, in HS578T-Hyg breast cancer
cells conceivably only one mechanism might be active. However, it
can not be ruled out that lower MAPKP**** phosphorylation
levels in HS578T-Hyg cells are additionally attributed to a
differential kinetic of MAPKP**** dephosphorylation.

In addition to the differential activation and kinetics of CCR?7
signal transduction cascades upon CCL21 stimulation Western
Blot studies further suggest a differential activation and kinetics of
signal transduction crosstalks in both hybrid cell lines and parental
cell lines. Inhibition of CCR7 induced PISK/AKT signaling and
MAPK signaling with Ly294002 (PI3K inhibitor) and PD98059
(MEK inhibitor) demonstrated that Ly294002 also impaired the
CCL21 induced MAPKP**/** phosphorylation in HS578T-Hyg
breast cancer cells, M13SV1-EGFP-Neo breast epithelial cells
exhibiting stem cell properties and M13HS-2 hybrid cells. Several
studies indicated a putative role of PISK in MAPKP*/*
activation. For instance, COS cells activation by both endogenous
ERK2 and RAS by low, but not high, EGF concentrations was
suppressed by PI3K inhibitors [69]. Likewise, in T-cells and B-
cells, respectively, MAPKP**/** activation by TCR signaling and
BCR signaling, respectively, is dependent on PI3K [70,71].
Moreover, Lopez-llasaca et al. reported about a linkage of G
protein-coupled receptors to the MAPK signaling pathway
through class IB PI3Ky and phosphotyrosine kinase (PTK),
SHC, GRB2, SOS, RAS and RAF signaling [31]. Because
Ly294002 effectively blocked MAPK phosphorylation in HS578T-
Hyg breast cancer cells, M13SV1-EGFP-Neo breast epithelial cells
exhibiting stem cell properties and M13HS-2 hybrid cells we
assume that MAPKP*/** activation in these cells also depends on
PI3K. By contrast, in the M13HS-8 hybrid cell line Ly294002 did
not impair MAPKP*2/#* phosphorylation suggesting that in these
cells PISK signaling is not involved in MAPKP**/** activation.

Western Blot analysis further revealed that PD98059 likely
blocked AKT phosphorylation in M13SV1-EGFP-Neo cells and
MI13HS-8 hybrid cells suggesting that MEK/MAPK signaling
modulates AKT phosphorylation. However, at present we do not
have a suitable explanation for this finding. A crosstalk between
MEKI1 activity and PI3K/AKT signaling has recently been
reported [72]. However, MEKI1 was identified as an essential
regulator of PTEN, through which it controls phosphatidylinosi-
tol-3-phosphate (PIP3) accumulation and AKT signaling [72].
MEKI1 is necessary for PI'EN membrane recruitment, thereby
leading to PIP3 turnover concomitant with PI3K inhibition and
decreased pAKT levels [72]. By contrast, blockage of MEK]1
activity reduces PTEN membrane recruitment, increases PIP3
accumulation concomitant with AKT activation [72]. Thus, if
such a crosstalk would be active in the investigated cells elevated
PAKT levels should have been observed in PD98059 treated cells,
which, however, was not the case. Nonetheless, decreased pAK'T
levels in PD98059 and PD98059 plus CCL21 stimulated cells were
reproducible indicating a real effect. Thus, the mechanism how
PD98059 impairs AKT phosphorylation remains to be elucidated.

The finding that M13HS hybrid cell lines differ in the kinetics of
CCR?7 signal transduction cascades and crosstalks is in view with
data of Ozel et al. [23]. In this study, M13MDA435 hybrid cell
lines were analyzed exhibiting a differential RAF-AKT crosstalk
[23]. As a consequence, M13MDA435-1 and -3 hybrid cell lines
showed a diametrically opposed effect to the PI3K inhibitor
Ly294002: while the migration of M13MDA435-3 hybrid was
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markedly impaired, treatment of M13MDA435-1 hybrid cells with
Ly294002 yielded in a significantly increased locomotory activity
[23]. These data show that the kinetics of signal transduction
cascades as well as crosstalks could vary among hybrid cell clones,
which is in accordance to previous studies [3,5,17,23] and which
depict the random nature of cell fusion and subsequent origin of
hybrid cells.

The differential phenotype of the M13HS hybrid cell lines
among themselves as well as in comparison to their parental
derivatives is most likely attributed to the fact that they originated
from different parental cell types exhibiting a differential gene
expression profile and epigenetic background. Lu and Kang
demonstrated that hybrid cells, derived from highly specific MDA-
MB-231 lung and bone metastatic variants, co-expressed lung and
bone metastasis signature genes and were highly metastatic to both
lung and bone suggesting a phenotypic overlap [73]. However, the
authors argued that this phenotypic overlap was most likely
attributed to the co-existence of regulatory epigenetic mechanisms
from both fusion partners, thereby giving rise to hybrid cells
expressing a dual set of organ-specific metastasis genes [73]. Miller
and colleagues demonstrated that parental tumor cells, which were
isolated from the same primary tumor can give rise to hybrid cells
not only exhibiting a phenotypic overlap of parental properties,
but do also possess novel characteristics [74]. In this work, highly
tumorigenic and methotrexate resistance 168FAR tumor cells
were fused with 44FTO cells that spontaneously metastasize and
are 5-FU resistant [74]. Both parental cell lines were isolated from
a spontaneously arising mammary tumor of a BALB/cFC3H
mouse [74]. Hybrid clones showed a phenotypical overlap of
parental properties, thus being tumorigenic, metastatogenic and
resistant to both methotrexate and 5-FU [74]. However, hybrid
cells also became resistant to melphalan, a compound to which
both parental cell lines were sensitive for [74], indicating that cell
fusion can give rise to hybrid cells exhibiting novel properties. In
fact, in most studies reporting about tumor hybrid cells exhibiting
novel properties tumor cells (were) fused with distinct cell types
including macrophages [17,61,62,75-77], stroma cells [21,22],
and stem (-like) cells [4,5,23,64]. Due to the different phenotype of
parental cells possessing a differential gene expression pattern,
including normal mRNA and miRNA, as well as a differential
epigenetic profile hybrid cells will originate each exhibiting a
chaotic, but unique epigenetic/genetic reprogramming. Conjoint-
ly, transition from a heterokaryon status to a synkaryon status
(fusion of single nuclei to one nucleus) is generally accompanied by
chromosomal rearrangements and even losses that further drive
the degree of aneuploidy and chromosomal instability in hybrid
cells [10]. Moreover, data of Rappa and colleagues revealed that

References

1. Dittmar T, Zanker KS (2011) Cell Fusion in Health and Disease; Cohen IR,
Lajtha A, Lambris JD, Paoletti R, editors. Dordrecht, The Netherlands:
Springer. 1-198 p.

2. Aichel O (1911) Uber Zellverschmelzung mit quantitativ abnormer Chromo-
somenverteilung als Ursache der Geschwulstbildung. In: Roux W, editor.
Vortrige und Aufsitze iiber Entwicklungsmechanik der Organismen. Leipzig,
Germany: Wilhelm Engelmann. pp. 1-115.

3. Dittmar T, Nagler C, Niggemann B, Zanker KS (2012) The dark side of stem
cells: triggering cancer progression by cell fusion. Current Molecular Medicine
accepted.

4. Dittmar T, Nagler C, Schwitalla S, Reith G, Niggemann B, et al. (2009)
Recurrence cancer stem cells-made by cell fusion? Med Hypotheses 73: 542—
547.

5. Dittmar T, Schwitalla S, Seidel J, Haverkampf S, Reith G, et al. (2011)
Characterization of hybrid cells derived from spontaneous fusion events between
breast epithelial cells exhibiting stem-like characteristics and breast cancer cells.
Clin Exp Metastasis 28: 75-90.

6. Duelli D, Lazebnik Y (2003) Cell fusion: a hidden enemy? Cancer Cell 3: 445
448.

PLOS ONE | www.plosone.org

1

Cell Fusion and Metastasis Formation

breast cancer/multipotent stromal cell hybrids underwent ploidy
reduction and morphological reversal to breast carcinoma-like
morphological characteristics, while maintaining a mixed breast
cancer-mesenchymal expression profile [78]. Thus, ploidy reduc-
tion is another mechanism contributing to the origin of unique
hybrid cells.

Cell fusion resembles Darwinian evolution and only the fittest
hybrid cells/cell clones will survive. Due to the random nature of
cell fusion, various hybrid cell clones will evolve. Even though they
could respond similar to the same growth factor or chemokine,
they could differ markedly in the overall intracellular processing of
these extracellular signals. This knowledge has a great impact on
the understanding of how to treat cancer, particularly if specific
receptors, kinases, and signal transduction pathways have been
chosen as targets.

In summary, our data provide evidence that cell fusion could
give rise to hybrid cells exhibiting altered properties. Here the
fusion of two CCL21 non-responding parental derivative gave rise
to highly CCL21 sensitive hybrid cell lines. Because the CCL21/
CCR7 axis has been associated with lymph node metastasis
formation of breast cancer we conclude that cell fusion between
breast cancer cells and breast epithelial cells exhibiting stem cell
properties is a possible mechanism how metastatic cancer hybrid
cells can originate.

Supporting Information

Figure S1 Relative AKT, pAKT, MAPK, pMAPK levels.
Relative intensities of native and phosphorylated proteins were
determined in relation to the housekeeping gene elf4E, whereby
untreated cells (con) served as a control and were set to 100%. (A)
HS578T-Hyg breast cancer cells (B) M13SVI-EGFP-Neo breast
epithelial cells exhibiting stem cell characteristics, (C) M13HS-2
hybrid cells, (D) M13HS-8 hybrid cells. Shown are the mean®SD
of n=3 independent experiments. Densitometric analysis of
Western Blot data was performed by using the Image] software
application. Statistical significance was calculated using Student ¢

Test, whereby p<<0.05 was considered as significant. * = statistical
significance in relation to control; ¥ = statistical significance in
relation to 5 min CCL21 stimulation.

(TIF)

Author Contributions

Conceived and designed the experiments: TD. Performed the experiments:
BB SH GR SK TD. Analyzed the data: BB SH GR SK BN TD.
Contributed reagents/materials/analysis tools: BN. Wrote the paper: TD
KSZ. Designed the software used in cell migration analysis: BN.

7. Goldenberg DM, Bhan RD, Pavia RA (1971) In vivo human-hamster somatic
cell fusion indicated by glucose 6-phosphate dehydrogenase and lactate
dehydrogenase profiles. Cancer Res 31: 1148-1152.

8. Goldenberg DM, Zagzag D, Heselmeyer-Haddad KM, Berroa Garcia LY, Ried
T, et al. (2011) Horizontal transmission and retention of malignancy, as well as
functional human genes, after spontaneous fusion of human glioblastoma and
hamster host cells In Vivo. Int J Cancer 131: 49-58.

9. Larizza L, Schirrmacher V (1984) Somatic cell fusion as a source of genetic
rearrangement leading to metastatic variants. Cancer Metastasis Rev 3: 193—
222.

. Lu X, Kang Y (2009) Cell fusion as a hidden force in tumor progression. Cancer
Res 69: 8536-8539.

11. Luo C, Johnston PJ, MacPhail SH, Banath JP, Oloumi A, et al. (1998) Cell
fusion studies to examine the mechanism for etoposide resistance in Chinese
hamster V79 spheroids. Exp Cell Res 243: 282-289.

. Parris GE (2005) The role of viruses in cell fusion and its importance to
evolution, invasion and metastasis of cancer clones. Med Hypotheses 64: 1011
1014.

May 2013 | Volume 8 | Issue 5 | e63711



20.

21.

22.

23.

26.

27.

28.

29.

30.

31

32.

33.

34.

36.

. Pawelek JM, Chakraborty AK (2008) Fusion of tumour cells with bone marrow-

derived cells: a unifying explanation for metastasis. Nat Rev Cancer 8: 377-386.

. Powell AE, Anderson EC, Davies PS, Silk AD, Pelz C, et al. (2011) Fusion

between Intestinal epithelial cells and macrophages in a cancer context results in
nuclear reprogramming. Cancer Res 71: 1497-1505.

Silvestris F, Ciavarella S, Strippoli S, Dammacco F (2011) Cell fusion and
hyperactive osteoclastogenesis in multiple myeloma. Adv Exp Med Biol 714:
113-128.

. Yang JY, Ha SA, Yang YS, Kim JW (2010) p-Glycoprotein ABCB5 and YB-1

expression plays a role in increased heterogeneity of breast cancer cells:
correlations with cell fusion and doxorubicin resistance. BMC Cancer 10: 388.

. Rachkovsky M, Sodi S, Chakraborty A, Avissar Y, Bolognia J, et al. (1998)

Melanoma x macrophage hybrids with enhanced metastatic potential. Clin Exp
Metastasis 16: 299-312.

. Mekler LB (1971) [Hybridization of transformed cells with lymphocytes as 1 of

the probable causes of the progression leading to the development of metastatic
malignant cells]. Vestn Akad Med Nauk SSSR 26: 80-89.

. Mekler LB, Drize OB, Osechinskii IV, Shliankevich MA (1971) [Transformation

of a normal differentiated cell of an adult organism, induced by the fusion of this
cell with another normal cell of the same organism but with different organ or
tissue specificity]. Vestn Akad Med Nauk SSSR 26: 75-80.

Goldenberg DM, Pavia RA, Tsao MC (1974) In vivo hybridisation of human
tumour and normal hamster cells. Nature 250: 649-651.

Jacobsen BM, Harrell JC, Jedlicka P, Borges VI, Varella-Garcia M, et al. (2006)
Spontancous fusion with, and transformation of mouse stroma by, malignant
human breast cancer epithelium. Cancer Res 66: 8274-8279.

Wang R, Sun X, Wang CY, Hu P, Chu CY, et al. (2012) Spontaneous cancer-
stromal cell fusion as a mechanism of prostate cancer androgen-independent
progression. PLoS One 7: ¢42653.

Ozel C, Seidel J, Meyer-Staeckling S, Brandt BH, Niggemann B, et al. (2012)
Hybrid cells derived from breast epithelial cell/breast cancer cell fusion events
show a differential RAF-AKT crosstalk. Cell Commun Signal 10: 10.

. Forster R, Davalos-Misslitz AC, Rot A (2008) CCR7 and its ligands: balancing

immunity and tolerance. Nat Rev Immunol 8: 362-371.

. Gunn MD, Tangemann K, Tam C, Cyster JG, Rosen SD, et al. (1998) A

chemokine expressed in lymphoid high endothelial venules promotes the
adhesion and chemotaxis of naive T lymphocytes. Proc Natl Acad Sci U S A 95:
258-263.

Willimann K, Legler DF, Loetscher M, Roos RS, Delgado MB, et al. (1998) The
chemokine SLC is expressed in T cell areas of lymph nodes and mucosal
lymphoid tissues and attracts activated T cells via CCR7. Eur J Immunol 28:
2025-2034.

Sanchez-Sanchez N, Riol-Blanco L, Rodriguez-Fernandez JL (2006) The
multiple personalities of the chemokine receptor CCR7 in dendritic cells.
J Immunol 176: 5153-5159.

Kohout TA, Nicholas SL, Perry SJ, Reinhart G, Junger S, et al. (2004)
Differential desensitization, receptor phosphorylation, beta-arrestin recruitment,
and ERK1/2 activation by the two endogenous ligands for the CC chemokine
receptor 7. J Biol Chem 279: 23214-23222.

Zidar DA, Violin JD, Whalen EJ, Lefkowitz R] (2009) Selective engagement of
G protein coupled receptor kinases (GRKs) encodes distinct functions of biased
ligands. Proc Natl Acad Sci U S A 106: 9649-9654.

Gollmer K, Asperti-Boursin F, Tanaka Y, Okkenhaug K, Vanhaesebroeck B,
et al. (2009) CCL21 mediates CD4+ T-cell costimulation via a DOCK2/Rac-
dependent pathway. Blood 114: 580-588.

Lopez-Tlasaca M, Crespo P, Pellici PG, Gutkind JS, Wetzker R (1997) Linkage of
G protein-coupled receptors to the MAPK signaling pathway through PI 3-
kinase gamma. Science 275: 394-397.

Sullivan SK, McGrath DA, Grigoriadis D, Bacon KB (1999) Pharmacological
and signaling analysis of human chemokine receptor CCR-7 stably expressed in
HEK-293 cells: high-affinity binding of recombinant ligands MIP-3beta and
SLC stimulates multiple signaling cascades. Biochem Biophys Res Commun
263: 685-690.

Wang J, Zhang X, Thomas SM, Grandis JR, Wells A, et al. (2005) Chemokine
receptor 7 activates phosphoinositide-3 kinase-mediated invasive and prosurvival
pathways in head and neck cancer cells independent of EGFR. Oncogene 24:
5897-5904.

Dittmar T, Heyder C, Gloria-Maercker E, Hatzmann W, Zanker KS (2008)
Adhesion molecules and chemokines: the navigation system for circulating
tumor (stem) cells to metastasize in an organ-specific manner. Clin Exp
Metastasis 25: 11-32.

. LinY, JiR, LiJ, Gu Q, Zhao X, et al. (2010) Correlation effect of EGFR and

CXCR4 and CCR7 chemokine receptors in predicting breast cancer metastasis
and prognosis. J Exp Clin Cancer Res 29: 16.

Kochetkova M, Kumar S, McColl SR (2009) Chemokine receptors CXCR4 and
CCR?7 promote metastasis by preventing anoikis in cancer cells. Cell Death

Differ 16: 664-673.

. Redondo-Munoz ], Jose Terol M, Garcia-Marco JA, Garcia-Pardo A (2008)

Matrix metalloproteinase-9 is up-regulated by CCL21/CCR?7 interaction via
extracellular signal-regulated kinase-1/2 signaling and is involved in CCL21-
driven B-cell chronic lymphocytic leukemia cell invasion and migration. Blood
111: 383-386.

PLOS ONE | www.plosone.org

39.

40.

41.

42.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

Cell Fusion and Metastasis Formation

. LiJ, Sun R, Tao K, Wang G (2011) The CCL21/CCR?7 pathway plays a key

role in human colon cancer metastasis through regulation of matrix
metalloproteinase-9. Dig Liver Dis 43: 40-47.

Chang CC, Sun W, Cruz A, Saitoh M, Tai MH, et al. (2001) A human breast
epithelial cell type with stem cell characteristics as target cells for carcinogenesis.
Radiat Res 155: 201-207.

Dittmar T, Schafer F, Brandt BH, Zanker KS (2000) Accelerated assessing of
antisense RNA efficacy using a chimeric enhanced green fluorescent protein-
antisense RNA-producing vector. Antisense Nucleic Acid Drug Dev 10: 401
408.

Laemmli UK (1970) Cleavage of Structural Proteins during the Assembly of the
Head of Bacteriophage T4. Nature 227: 680-685.

Gergely L, Cook L, Agnello V (1997) A simplified method for Ca2+ flux
measurement on isolated human B cells that uses flow cytometry. Clin Diagn
Lab Immunol 4: 70-74.

. Balz LM, Bartkowiak K, Andreas A, Pantel K, Niggemann B, et al. (2012) The

interplay of HER2/HER3/PI3SK and EGFR/HER2/PLC-gammal signalling
in breast cancer cell migration and dissemination. J Pathol 227: 234-244.
Seidel J, Niggemann B, Punzel M, Fischer J, Zinker KS, et al. (2007) The
neurotransmitter gamma-aminobutyric-acid (GABA) is a potent inhibitor of the
stromal cell-derived factor-1. Stem Cells Dev 16: 827-836.

. Kassmer SH, Niggemann B, Punzel M, Mieck C, Zanker KS, et al. (2008)

Cytokine combinations differentially influence the SDF-lalpha-dependent
migratory activity of cultivated murine hematopoietic stem and progenitor cells.
Biol Chem 389: 863-872.

Heyder C, Gloria-Maercker E, Hatzmann W, Niggemann B, Zanker KS, et al.
(2005) Role of the betal-integrin subunit in the adhesion, extravasation and
migration of T24 human bladder carcinoma cells. Clin Exp Metastasis 22: 99
106.

Cabioglu N, Yazici MS, Arun B, Broglio KR, Hortobagyi GN, et al. (2005)
CCR7 and CXCR4 as novel biomarkers predicting axillary lymph node
metastasis in T'1 breast cancer. Clin Cancer Res 11: 5686-5693.

Cunningham HD, Shannon LA, Calloway PA, Fassold BC, Dunwiddie I, et al.
(2010) Expression of the C-C chemokine receptor 7 mediates metastasis of breast
cancer to the lymph nodes in mice. Transl Oncol 3: 354-361.

Wiley HE, Gonzalez EB, Maki W, Wu MT, Hwang ST (2001) Expression of CC
chemokine receptor-7 and regional lymph node metastasis of B16 murine
melanoma. ] Natl Cancer Inst 93: 1638-1643.

Bardi G, Lipp M, Baggiolini M, Loetscher P (2001) The T cell chemokine
receptor CCR7 is internalized on stimulation with ELC, but not with SLC.
Eur J Immunol 31: 3291-3297.

Haessler U, Pisano M, Wu M, Swartz MA (2011) Dendritic cell chemotaxis in
3D under defined chemokine gradients reveals differential response to ligands
CCL21 and CCL19. Proc Natl Acad Sci U S A 108: 5614-5619.

Otero C, Groettrup M, Legler DF (2006) Opposite fate of endocytosed CCR7
and its ligands: recycling versus degradation. J Immunol 177: 2314-2323.
Britschgi MR, Favre S, Luther SA (2010) CCL21 is sufficient to mediate DC
migration, maturation and function in the absence of CCL19. Eur J Immunol
40: 1266-1271.

Berndt B, Zanker KS, Dittmar T (2013) Cell Fusion is a Potent Inducer of
Anecuploidy and Drug Resistance in Tumor Cell/Normal Cell Hybrids. Crit Rev
Oncog 18: 97-113.

. Miller FR, McInerney D, Rogers C, Miller BE (1988) Spontancous fusion

between metastatic mammary tumor subpopulations. J Cell Biochem 36: 129—
136.

Wakeling WF, Greetham J, Bennett DC (1994) Efficient spontaneous fusion
between some co-cultured cells, especially murine melanoma cells. Cell Biol Int
18: 207-210.

Castedo M, Perfettini JI., Roumier T, Andreau K, Medema R, et al. (2004) Cell
death by mitotic catastrophe: a molecular definition. Oncogene 23: 2825-2837.
Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420: 860-867.
Dvorak HF (1986) Tumors: wounds that do not heal. Similarities between tumor
stroma generation and wound healing. N Engl ] Med 315: 1650-1659.

Davies PS, Powell AE, Swain JR, Wong MH (2009) Inflaimmation and
proliferation act together to mediate intestinal cell fusion. PLoS One 4: ¢6530.
Chakraborty AK, Sousa de Freitas J, Espreafico EM, Pawelek JM (2001) Human
monocyte x mouse melanoma fusion hybrids express human gene. Gene 275:
103-106.

Rachkovsky M, Pawelek J (1999) Acquired melanocyte stimulating hormone-
inducible chemotaxis following macrophage fusion with Cloudman S91
melanoma cells. Cell Growth Differ 10: 517-524.

Andersen TL, Boissy P, Sondergaard TE, Kupisiewicz K, Plesner T, et al. (2007)
Osteoclast nuclei of myeloma patients show chromosome translocations specific
for the myeloma cell clone: a new type of cancer-host partnership? J Pathol 211:
10-17.

Nagler C, Hardt C, Zanker KS, Dittmar T (2011) Co-cultivation of murine
BMDCs with 67NR mouse mammary carcinoma cells give rise to highly drug
resistant hybrid cells. Cancer Cell International 11: 21.

Kollet O, Petit I, Kahn J, Samira S, Dar A, et al. (2002) Human
CD34(+)CXCR4(-) sorted cells harbor intracellular CXCR4, which can be
functionally expressed and provide NOD/SCID repopulation. Blood 100:
2778-2786.

May 2013 | Volume 8 | Issue 5 | e63711



66.

67.

68.

69.

70.

71.

72.

Borroni EM, Bonecchi R, Buracchi C, Savino B, Mantovani A, et al. (2008)
Chemokine decoy receptors: new players in reproductive immunology. Immunol
Invest 37: 483-497.

Townson JR, Nibbs RJ (2002) Characterization of mouse CCX-CKR, a
receptor for the lymphocyte-attracting chemokines TECK/mCCL25, SLC/
mCCL21 and MIP-3beta/mCCL19: comparison to human CCX-CKR.
Eur J Immunol 32: 1230-1241.

Comerford 1, Litchfield W, Harata-Lee Y, Nibbs RJ, McColl SR (2007)
Regulation of chemotactic networks by ‘atypical” receptors. Bioessays 29: 237~
247.

Wennstrom S, Downward J (1999) Role of phosphoinositide 3-kinase in
activation of ras and mitogen-activated protein kinase by epidermal growth
factor. Mol Cell Biol 19: 4279-4288.

Jacob A, Cooney D, Pradhan M, Coggeshall KM (2002) Convergence of

signaling pathways on the activation of ERK in B cells. ] Biol Chem 277: 23420~
23426.

Von Willebrand M, Jascur T, Bonnefoy-Berard N, Yano H, Altman A, et al.
(1996) Inhibition of phosphatidylinositol 3-kinase blocks T cell antigen receptor/
CD3-induced activation of the mitogen-activated kinase Erk2. Eur J Biochem
235: 828-835.

Zmajkovicova K, Jesenberger V, Catalanotti F, Baumgartner C, Reyes G, et al.
(2013) MEKI1 Is Required for PTEN Membrane Recruitment, AKT

PLOS ONE | www.plosone.org

13

73.

74.

76.

77.

78.

Cell Fusion and Metastasis Formation

Regulation, and the Maintenance of Peripheral Tolerance. Mol Cell: doi:
10.1016/j.molcel.2013.1001.1037.

Lu X, Kang Y (2009) Efficient acquisition of dual metastasis organotropism to
bone and lung through stable spontancous fusion between MDA-MB-231
variants. Proc Natl Acad Sci U S A 106: 9385-9390.

Miller FR, Mohamed AN, McEachern D (1989) Production of a more aggressive
tumor cell variant by spontaneous fusion of two mouse tumor subpopulations.
Cancer Res 49: 4316-4321.

. Chakraborty AK, Sodi S, Rachkovsky M, Kolesnikova N, Platt JT, et al. (2000)

A spontaneous murine melanoma lung metastasis comprised of host x tumor
hybrids. Cancer Res 60: 2512-2519.

Busund LT, Killie MK, Bartnes K, Olsen R, Seljelid R (2002) Spontaneous
hybridization of macrophages and Meth A sarcoma cells. Int J Cancer 98: 573~
581.

Busund LT, Killie MK, Bartnes K, Seljelid R (2002) Spontaneously formed
tumorigenic hybrids of Meth A sarcoma and macrophages grow faster and are
better vascularized than the parental tumor. Int J Cancer 100: 407-413.
Rappa G, Mercapide J, Lorico A (2012) Spontaneous Formation of
Tumorigenic Hybrids between Breast Cancer and Multipotent Stromal Cells
Is a Source of Tumor Heterogeneity. Am J Pathol 180: 2504-2515.

May 2013 | Volume 8 | Issue 5 | e63711



