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Abstract. Endothelial cells line the inside of blood and
lymphatic vessels, and cancer cells must cross this bar-
rier, first to gain access to the circulation, and, second, to
exit and metastasize. How this occurs is incompletely un-
derstood. We now demonstrate that human cancer cells
are able to fuse with endothelial cells to form hybrid cells
displaying proteins and chromosomal markers character-
istic of both parent cells. The hybrid cells are viable and

capable of undergoing mitosis. Fusions between cancer
cells and endothelial cells were shown to occur both in
vitro, in co-cultures of human breast cancer cells and en-
dothelial cells, and in vivo, following intravascular dis-
semination of human breast cancer cells in nude mice.
These observations demonstrate a new type of cancer-en-
dothelial cell interaction that may be of fundamental im-
portance to the process of metastasis.
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Most deaths from cancer are caused by the spread of can-
cer cells to vital organs through the blood or the lymph
[1]. Endothelial cells line the inside of blood and lym-
phatic vessels, and cancer cells must penetrate this layer
in order to gain access to the circulation. Once in the cir-
culation, cancer cells must again traverse the endothelial
barrier in order to extravasate and form metastases. A
number of factors that are important to cancer cell intra-
and extravasation have been detected, but complete un-
derstanding of these mechanisms has not yet been
achieved [reviewed in ref. 2]. One essential factor to can-
cer cell intravasation is tumor vascularization, which is
important not only to tumor cell growth [3] but also to tu-
mor cell dissemination [4]. Interestingly, recent studies
have demonstrated that cancer cells may partly replace
ordinary endothelial cells in the lining of intratumoral
blood vessels [5, 6].

Our own research in cancer-endothelial cell interactions
was stimulated by the observation that high levels of en-
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dothelial cell nitric oxide (NO) synthase in peritumoral
microvessels was associated with significantly improved
overall survival and disease-free survival in breast cancer
patients [7]. NO has been shown to regulate apoptosis of
human breast cancer cells [8] and to reduce tumor cell ad-
hesion to endothelial cells [9]. Moreover, inhibition of
NO generation in liver sinusoids has been found to result
in an increased number of liver metastases in an animal
model [10]. To follow up on these observations we de-
cided to study interactions between co-cultured endothe-
lial cells and breast cancer cells. In such co-cultures we
observed that cells simultaneously expressing markers
for both endothelial cells and cancer cells appeared, while
no such cells were detected in single cultures. Using ge-
netic and protein markers, we now document that sponta-
neous fusion between cancer cells and endothelial cells
occurs in vitro and in vivo. The hybrid cells formed are
viable and capable of undergoing mitosis. This is the first
observation of a novel type of tumor-endothelial cell in-
teraction through which fused cancer cells may gain char-
acteristics that enhance their capability to penetrate the
endothelial barrier.
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Materials and methods

Cell culture

MCF-7 and MDA-MB-231 cells were cultured in Eagle’s
minimum essential medium (MEM) as described else-
where [8]; human umbilical vein endothelial cells (HU-
VECs; ATCC) were cultured in F-12 K medium
(Kaighn’s modification; Gibco, Grand Island, N. Y.) sup-
plemented with 10% FCS and 0.4% endothelial cell
growth supplement/heparin (ECGS/H-2; PromoCell,
Heidelberg, Germany); calf pulmonary artery endothe-
lial (CPAE) and bovine adrenal medulla endothelial
(EJG) cells were cultured in Eagle’s MEM supplemented
with non-essential amino acids, sodium pyruvate and
10% (EJG) or 20% (CPAE) FCS. Cells were harvested
by trypsinization and permitted to recover for 1 h in
medium before mixing or plating. For co-cultures, equal
numbers of cancer and endothelial cells were mixed. In
addition, endothelial cells were grown to near conflu-
ence, where-after breast cancer cells were seeded on top
of them. Cells were grown on sterile glass slides or on
chamber slides (Nalge Nunc, Naperville, Ill.) and were
fixed in 3.7 % paraformaldehyde in phosphate-buffered
saline and permeabilized in 0.1% triton X-100 for im-
munocytochemistry or in methanol-acetic acid for fluo-
rescence in situ hybridization (FISH). When appropriate,
metaphase arrest was induced by adding colcemide to a
final concentration of 0.1 pg/ml medium for 4 h prior to
fixation.

Animals

Five 5 to 6-week old nude Balb/c mice weighing approx-
imately 25 g were obtained from the M&B Breeding Cen-
tre (Ejby, Denmark). The mice were housed with a 12-h
light-dark cycle. Room temperature and relative humidity
showed values between 22-23.5°C and 45-63%, re-
spectively. The animals were fed a pelleted rodent diet ad
libitum and had free access to tap water, autoclaved hay
and wood biting sticks. The mice were injected intra-
venously in the tail vein with 7.5—15 million MDA-MB-
231 cells in a volume of 0.2 ml and were sacrificed by
cervical dislocation 24 or 48 h after injection. Specimens
from the lungs were frozen in crushed carbon dioxide and
stored at —80°C.

Immunocytochemistry

Cultured cells were immunocytochemically double-
stained with monoclonal antibodies reacting with vi-
mentin (3B4, IgG2a) or cytokeratin (pancytokeratin,
IgG1; cytokeratin-8, IgM) or with rabbit antibodies to the
endothelial marker von Willebrand factor (vWF; Dako-
cytomation, Glostrup, Denmark). The site of antigen-an-
tibody interaction was detected with species- or subclass-
specific secondary antibodies labeled with fluorescein
isothiocyanate (FITC), aminomethyl coumarin (AMCA)
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or Texas red (Southern Biotechnology Associates, Bir-
mingham, Ala.). Specimens were examined in a Molecu-
lar Dynamics (Eugene, Ore.) multiprobe confocal laser
scanning microscope or in a Leica (Wetzlar, Germany)
DMRXA microscope. Nuclear morphology was assessed
by staining with bisbenzimide (Hoechst 33258; Sigma,
St. Louis, Mo.). In counting experiments, at least 500
cells were counted in random fields of three to four spec-
imens using selective filters. Controls included use of
conventional staining controls [11]; type-matched mono-
clonal antibodies and staining of parental cell lines cul-
tured alone and were uniformly negative.

Fluorescent in situ hybridization

The mouse-specific probe was obtained by labeling
genomic DNA isolated from liver tissue of B6D2F1
mice with digoxigenin (Dig) or biotin using nick transla-
tion. The bovine-specific probe was a Dig-labeled cos-
mid clone JAB 8 (cJABS) that produces a strong signal
at the subcentromeric region of bovine chromosome 7
[12]. The probe detecting all human chromosomes was
an Alu sequence (BLURS) probe [13]. DNA from
pUC3Alu (containing three copies of BLURS) was la-
beled with biotin or Dig, and DNA from cJAB8 was
labeled with Dig using nick translation. Additionally, a
biotin-labeled probe detecting the alpha satellite se-
quence of human chromosome 17 was purchased from
Oncor (Gaithersburg, Md.). Cells and sections were
fixed in methanol-acetic acid, denatured in 70% for-
mamide at 71°C for at least 2 min and hybridized with
different mixtures of Dig- and biotin-labeled probes as
described elsewhere [12, 14]. Hybridization sites of
biotinylated probes were visualized by a three-layer
method using, in sequence, Cy3-labeled streptavidin, bi-
otinylated anti-avidin D and, finally, Cy3-labeled strep-
tavidin again (Vector Laboratories, Burlingame, Calif.).
Dig-labeled probes were detected by a three-layer
method using, in sequence, FITC-labeled anti-Dig, Dig-
labeled anti-mouse Ig and, finally, FITC-labeled anti-
Dig again (Boehringer Mannheim, Germany). Speci-
mens were counterstained with DAPI and examined in a
Molecular Dynamics multiprobe confocal laser-scan-
ning microscope or in a DMRXA microscope equipped
with a Cohu CCD camera and Q-FISH software (Leica).
Controls consisted of hybridizations to parental cells cul-
tured alone.

Results

Fusions between cancer cells and endothelial cells

in vitro

We co-cultured equal numbers of human breast cancer
(MCF-7) cells and HUVECs. Double immunofluores-
cence for cell-type-specific intermediate filaments (cy-
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tokeratin and vimentin) showed that expression of cytok-
eratin never occurred in HUVECS, cultured alone, and
that expression of vimentin never occurred in MCF-7
cells, cultured alone. However, in co-cultures, 3.1 + 0.4%
of all cytokeratin-positive cells were also vimentin posi-
tive and 3.7 = 0.4% of all vimentin-positive cells were
also cytokeratin positive (fig. 1a). Hybrid cells were de-
tected irrespective of whether the cells were co-cultured
in HUVEC or MCF-7 cell medium. Plating of MCF-7
cells on top of preformed HUVEC monolayers also re-
sulted in the formation of hybrid cells in a time-depen-
dent fashion. Thus, hybrid cells were not detected by 30
min after plating but were regularly observed by 2 h after
plating and reached a frequency of 3—5% by 24 h. In ad-
dition, co-cultures of MCF-7 and bovine endothelial
(CPAE) cells resulted in hybrid cells in similar propor-
tions. Triple staining for cytokeratin, vimentin and DNA
showed that most hybrid cells were binucleate and that
the cytokeratin and vimentin filaments were closely in-
terwoven in the hybrids. Additionally, some hybrid cells
contained only one nucleus (fig. 1b), while a few con-
tained three nuclei. The vast majority of hybrid cells ap-
peared healthy and showed no signs of apoptosis or nu-
clear condensation. Co-cultures of MCF-7 cells and an-
other bovine endothelial cell line (EJG) revealed only a
very few fused cells (far below 0.1%). These data show
that cancer cells and endothelial cells are able to fuse to
form hybrid cells and that some endothelial cell types are
more prone to fusion than others.

These results were further corroborated by the use of
chromosomal markers. We performed FISH of co-cul-
tures of human breast cancer (either MCF-7 or MDA-
MB-231) cells and bovine CPAE cells using centromeric
probes specific for human chromosome 17 (hC17) and
bovine chromosome 7 (bC7), labeled with biotin and Dig,
respectively. This permitted detection of hC17 and bC7 in
contrasting colors. While the bovine cells each possessed
two copies of bC7, MCF-7 cells had four and MDA-MB-
231 cells had two to four copies of hC17. Fused cells were
frequently detected at the interface between clusters of
cancer and endothelial cells (fig. 1c¢). Binuclear cells
contained one nucleus positive for two copies of bC7 and
one nucleus positive for two to four (MDA-MB-231) or
four (MCF-7) copies of hC17. Additionally, cells with
fused nuclei containing two copies of bC7 and four
copies (MCF-7) or two to four copies (MDA-MB-231) of
hC17 were regularly detected (fig. 1¢). Some of the fused
cells underwent mitotic division and mitotic figures con-
taining both bovine and human chromosomes were regu-
larly observed in colcemide-arrested cultures (fig. 2 g).

Differential nuclear subcompartmentation

of parental genomes in fused nuclei

In fused nuclei, the bC7 centromeres occurred clustered
together in a nuclear subdomain and were not intermin-
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Figure 1. Spontaneous heterotypic cell fusion in vitro. (@) Co-cul-
ture of MCF-7 cells and HUVECS, double stained for vimentin
(green) and cytokeratin (red). Note three fused cells (arrows), stain-
ing for both vimentin and cytokeratin (orange-yellow), while the re-
maining cells stain either for vimentin or cytokeratin. Scale bar,
20 pm. (b) Co-culture of MDA-MB-231 cells and CPAE cells,
triple stained for vimentin (green), cytokeratin (red) and DNA
(blue). Note a pair of fused cells (arrows) that stain for both vi-
mentin and cytokeratin (orange-yellow), while the remaining cells
stain either for vimentin or cytokeratin. (¢) Co-culture of MDA-
MB-231 cells and CPAE cells submitted to double FISH detecting
human chromosome 17 (red) and bovine chromosome 7 (green).
DNA is visualized by DAPI staining (blue). Note a pair of fused
cells (arrows), each containing four copies of human chromosome
17 and two copies of bovine chromosome 7. Also note non-fused
bovine endothelial cells (top right), which contain only bovine chro-
mosomes and non-fused MDA-MB-231 cells (bottom left), which
contain only human chromosomes.
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gled with the hC17 centromeres (fig. 1¢). We therefore
examined whether the bovine and human genomes occu-
pied different subcompartments within the same nucleus
and took advantage of the observation that hybridiza-
tions with the bC7 probe at lower stringency resulted in
detection of all bovine chromosomes, but not of human
chromosomes. Thus, double FISH using Dig-labeled
bC7 probe at low stringency in combination with a bi-
otin-labeled human Alu sequence (BLURS) probe
demonstrated all bovine and all human chromosomes in
contrasting colors. In most fused cells, two separate nu-

Figure 2. Spontaneous heterotypic cell fusion in vitro. (a) Co-cul-
ture of MDA-MB-231 and CPAE cells submitted to double FISH
using probes and conditions permitting detection of all human chro-
mosomes (red) and all bovine chromosomes (green). Note two nu-
clei containing human and bovine chromosomes in different sub-
domains (arrows). Also note the presence of a mitosis in a bovine
endothelial cell (top). (b, ¢) Fused cell from co-culture of MDA-
MB-231 and CPAE cells, submitted to double FISH as in a and
counterstained for DNA (blue; ¢). Note the compartmentation of
human and bovine chromosomes in different subdomains of the
same nucleus. (d) Mitosis of a fused cell from a co-culture of MDA-
MB-231 and CPAE cells stained as in a. Note the admixture of hu-
man and bovine chromosomes. (e, /') Binuclear, fused cell from a
co-culture of MDA-MB-231 and CPAE cells stained as in a and ob-
served in fluorescence (e) or in differential interference contrast
(f)- Note the presence of one nucleus containing bovine chromo-
somes (green) and one nucleus containing human chromosomes
(red) in the same cell. (g) Mitotic figure detected in a colcemide-
arrested co-culture of MDA-MB-231 and CPAE cells submitted to
double FISH detecting human chromosome 17 (red) and bovine
chromosome 7 (green). Note the admixture of both types of chro-
mosomes in this metaphase. (a, b) Scale bar, 10 pm.
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clei, one possessing human and the other possessing
bovine chromosomes were detected (fig. 2e). In addi-
tion, fused nuclei were regularly observed. In such nu-
clei, human and bovine chromosomes did not intermin-
gle but occupied distinct subcompartments (fig. 2a—c).
A similar nuclear subcompartmentation of parental cell
genomes is known to occur in plant cell hybrids as well
as in mouse preimplantation embryos and is preserved
through several rounds of cell division [15, 16]. We also
observed metaphase figures containing bovine and hu-
man chromosomes (fig. 2d) as well as occasional trinu-
clear cells, usually containing two human nuclei and one
bovine nucleus. Fusion of cells is likely to initially result
in binuclear (and, more rarely, trinuclear) cells and
mononuclear cells probably appear after mitotic division
of bi- and, possibly, trinuclear cells. This notion is sup-
ported by the observation that mononuclear fused cells
frequently occurred as pairs (figs 1b, c, 2a).

Fusions between cancer cells and endothelial cells

in vivo

We next examined whether fusions between cancer cells
and host cells occurred in vivo, using a model for lung
metastasis of MDA-MB-231 cells in nude mice [17]. The
mice were injected with MDA-MB-231 cells in the tail
vein and sacrificed after 24 or 48 h. Lung sections were
submitted to double FISH using probes that demonstrated
mouse and human chromosomes in contrasting colors.
Control hybridizations to human and mouse cells docu-
mented the species specificity of the probes, and hy-
bridizations to lung sections of injected mice revealed the
occurrence of cells with fused nuclei that contained both
human and mouse DNA (fig. 3a—f). The presence of
fused nuclei was further verified by optical sectioning
in the confocal microscope (fig. 3a, d—f). As in the
bovine/human hybrid cells described above, the two
parental genomes occupied distinct subcompartments
within the same nucleus in the mouse/human hybrid cells
(fig. 3). Fused nuclei constituted 0.5-2% of all tumor
cell nuclei detected in the lungs with no marked differ-
ence between animals sacrificed 24 or 48 h after injec-
tion. Hybridized sections were next stained for the en-
dothelial cell marker vWT using indirect immunofluor-
escence. A few cells containing fused human/ mouse
nuclei stained for this endothelial marker (fig. 3b, c),
which, in addition, detected cells that contained one nu-
cleus positive for human and one nucleus positive for
mouse chromosomes. These data show that a population
of intravascularly injected human breast cancer cells fuse
with host cells to form hybrid cells containing both hu-
man and mouse chromosomes and expressing the en-
dothelial marker vWT.
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Figure 3. Spontaneous heterotypic cell fusion in vivo. (a) Confocal
image of lung section from a nude mouse injected with MDA-MB-
231 cells submitted to double FISH detecting all mouse chromo-
somes (red) and all human chromosomes (green). Note a fused cell
with mouse and human chromosomes occupying different subdo-
mains of the same nucleus. (b, ¢) Lung section from a nude mouse
injected with MDA-MB-231 cells submitted to double FISH detect-
ing mouse (red) and human (green) chromosomes and subsequently
restained for vWT (blue; b: red-green double exposure; ¢: triple ex-
posure). Note a cell containing a fused nucleus with a vW{f-positive
cytoplasm. (d—f") Three confocal sections at different levels through
a fused nucleus (arrow), containing human (green) and mouse (red)
chromosomes in distinct subdomains. (a, d) Scale bar, 10 pm.

Discussion

Life begins with the fusion between a sperm cell and an
egg and, during ensuing development, more cell fusions
occur, including fusions of cytotrophoblasts to form syn-
cytiotrophoblasts, of myoblasts to form muscle fibers and
of macrophages to form osteoclasts [reviewed in ref. 18].
In mammals, fusions after fertilization involve the merger
of the same type of cells (homotypic fusions).

Cell fusions must be tightly regulated, but the regulatory
mechanisms are, as yet, poorly understood. Proteins (fuso-
gens) that reduce the repelling forces between membrane
lipid bilayers are needed for cell fusions to occur. Fusogens
enhance fusions between viruses and cells [19], between
intracellular membranes [20] and between cells [21]. The
barriers preventing cell fusion can be broken by addition of
extraneous agents like Sendai virus or polyethylene glycol.
By this approach, heterotypic cell fusions can be produced,
resulting, e.g. in monoclonal-antibody-secreting hybrido-
mas [22]. In this case, fusions between normal antibody-
producing spleen cells and malignant myeloma cells result
in cells that retain the unrestrained proliferation of the
myeloma partner and the antibody production of the spleen
cell partner. Additionally, fusions induced to occur be-
tween macrophages and cancer cells have been found to in-
crease the metastatic capability of the cells [23—-25]. In
contrast, fusions induced to occur between cancer cells and
fibroblasts ablate the malignant phenotype due to the pro-
duction of tumor suppressors by the fibroblast genome [26,
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27]. Thus, depending upon the genetic make-up of the fu-
sion partners, different outcomes will ensue from fusions
between malignant and normal cells.

Since 1911, the possibility has been considered that can-
cer cells may spontaneously fuse with host cells to pro-
duce hybrids with supernumerary chromosomes that
could evolve into cells more malignant than the original
cancer cells [28—30]. Indeed, studies have documented
that cells expressing a mixed phenotype appear in co-cul-
tures of certain types of malignant and normal cells [31,
32]. In addition, transplanted tumor cells of animal
[33—36] or human [37] origin may acquire phenotypic
characteristics of normal host cells. In some of these stud-
ies, data suggested that the putative fusion partner was of
macrophage origin while, in most cases, definite identifi-
cation was not achieved. Importantly, however, recent
data have suggested that the interpretation of some of
these data may be more complicated than originally be-
lieved. Thus, uptake of foreign DNA through phagocyto-
sis of apoptotic bodies may lead to acquisition of mixed
cell traits [38—40].

Our present data provide definite evidence that human
breast cancer cells spontaneously fuse with endothelial
cells resulting in viable and actively dividing hybrid cells
that contain chromosomes and protein markers character-
izing both fusion partners. Most fusions produced bi- or
trinuclear cells with the parental genomes segregated into
normal, non-apoptotic nuclei. No evidence of apoptotic
bodies was detected. Mononuclear cells are likely to form
subsequent to mitosis of the bi- or trinuclear cells. Even
within mononuclear hybrid cells, the parental genomes
were segregated into different subcompartments in a pat-
tern identical to that observed in plant cell hybrids and in
mouse embryos [15, 16]. In the in vivo studies, a popula-
tion of bi- and mononuclear hybrid cells was shown to ex-
press the endothelial cell marker vW{. Whether vW{f-neg-
ative hybrid cells represent hybrids formed between can-
cer cells and other host cells or if some hybrid cells cease
producing vWf following fusion remains unknown. How-
ever, since expression of vWfis attenuated and eventually
lost during serial passaging of endothelial cells, the latter
explanation seems plausible. Importantly, through fu-
sions with endothelial cells, cancer cells may temporarily
or permanently acquire endothelial cell characteristics
that enhance their capability to traverse the endothelial
barrier and metastasize. Such characteristics include the
production of endothelial cell markers as well as of pro-
teases that are capable of degrading the vascular base-
ment membrane [cf. ref. 41]. The fusions observed seem
likely to reflect ectopic expression of fusogens by cancer
cells. However, the observation that certain endothelial
cell types (HUVECs, CPAE) are more prone to fusion
than others (EJG) suggests that some complementarity
between cancer cell fusogens and endothelial cell surface
molecules must underlie this specificity.
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