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Abstract: Current strategies to determine tumor × normal (TN)-hybrid cells among human cancer
cells include the detection of hematopoietic markers and other mesodermal markers on tumor cells or
the presence of donor DNA in cancer samples from patients who had previously received an allogenic
bone marrow transplant. By doing so, several studies have demonstrated that TN-hybrid cells could
be found in human cancers. However, a prerequisite of this cell fusion search strategy is that such
markers are stably expressed by TN-hybrid cells over time. However, cell fusion is a potent inducer
of genomic instability, and TN-hybrid cells may lose these cell fusion markers, thereby becoming
indistinguishable from nonfused tumor cells. In addition, hybrid cells can evolve from homotypic
fusion events between tumor cells or from heterotypic fusion events between tumor cells and normal
cells possessing similar markers, which would also be indistinguishable from nonfused tumor cells.
Such indistinguishable or invisible hybrid cells will be referred to as dark matter hybrids, which
cannot as yet be detected and quantified, but which contribute to tumor growth and progression.
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1. Introduction

It is well known that cell–cell fusion and hybridization play a crucial role in several physiological
processes, such as fertilization, placentation, myogenesis, osteogenesis, wound healing, and tissue
regeneration. This process also occurs in cancers. However, its impact on cancer initiation and
progression is as yet unclear (for review see [1–5]). This applies particularly to the question of whether
cell fusion events do truly occur in human cancers and if the evolving tumor cell × normal cell
hybrids and their progenies do truly contribute to disease progression, as was proposed by the German
physician Otto Aichel in 1911 [6].

In fact, there have been a plethora of in vitro and in vivo studies in the past decades demonstrating
that tumor cells do fuse with normal cells, such as macrophages, fibroblasts, stromal cells or stem
cells, thereby giving rise to viable proliferating TN-hybrid cells with properties that are linked
with tumor progression including enhanced tumorigenic and metastatic capacity or enhanced drug
resistance [7–31]. Likewise, several studies have reported putative TN-hybrid cells in human cancers,
in some cases comprising up to 40% of tumors [7,13,20,25,32–42]. Recently, Gast et al. showed that
tumor × normal (TN)-hybrid cells could be found not only in human pancreatic ductal adenocarcinoma
cells but also in the circulatory system where they were associated with a poor prognosis [29].

However, human TN-hybrid cells have been only identified in a few cancer types so far including
breast [13,35], colorectal cancer [36], pancreatic cancer [29,42], melanoma [25,33,39], ovarian cancer [20],
multiple myeloma [38], and renal cell carcinoma [32,34]. Hence, it remains unknown whether cell
fusion is a common phenomenon that occurs in all cancers or if it is restricted to certain cancer types.
Likewise, it remains unknown whether TN-hybrid cells that originate in the primary tumor contribute

Cells 2019, 8, 132; doi:10.3390/cells8020132 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0001-8505-3424
http://www.mdpi.com/2073-4409/8/2/132?type=check_update&version=1
http://dx.doi.org/10.3390/cells8020132
http://www.mdpi.com/journal/cells


Cells 2019, 8, 132 2 of 17

to tumor progression and metastasis formation. Some studies indicate that putative TN-hybrid cells
can be found in metastases or in the circulation of cancer patients [7,29,33,34,39,41], but further studies
are necessary to clarify whether circulating TN-hybrid cells are capable of inducing metastases. Finally,
in some studies, TN-hybrid cells were identified by expression of hematopoietic markers, such as CD14,
CD45, and CD163 [7,13,20,29,35,36]. While this is a relatively simple strategy for identifying putative
TN-hybrid cells in human cancer biopsies, it cannot be ruled out that expression of macrophage-like
antigens may be due to genomic instability, which is a hallmark of most, if not all, tumors and the main
cause for intratumoral heterogeneity [43]. Genomic instability generates new mutations and/or gross
chromosomal aberrations in dividing tumor cells [44]. This can be beneficial for the overall capacity of
a tumor to adapt changes in its environment [44]. However, newly acquired genetic alterations can
also compromise the genetic dominance of the tumor cells and, thus, affect tumor cell viability [44].
In this context, it should be noted that cell fusion is also a potent inducer of genomic instability. Hence,
cell fusion can give rise to hybrids that may adapt better to changes in the tumor environment or to
cancer therapy but can also give rise to nonviable hybrids. Likewise, hybrid cells may lose specific cell
fusion markers over time as a result of genomic instability, thereby becoming indistinguishable from
nonfused tumor cells.

Thus, to conclude that cell fusion and hybridization occurs between tumor cells and normal
cells, highly specific markers are required to identify such hybrid cells, which is a tall order indeed.
This brings us to the first question as follows.

2. What Would be Ideal Markers to Distinguish between TN-Hybrid Cells and Nonhybridized
Tumor Cells?

A prerequisite in cell fusion research is to demonstrate that the cells truly fuse and hybridize with
one another and that evolving TN-hybrid cells can be clearly identified. In some studies, cell lines
were differentially labeled with various fluorochromes or fluorescent proteins such that they could be
used to isolate putative hybrids [29,45–50]. In other studies, cells with drug resistance markers were
used to isolate putative hybrids [16,17,47,51–53].

However, in in vivo tumor cell fusion studies, more complex strategies are necessary to show
that, for example, cells of the hematopoietic lineage can fuse with tumor cells. It is interesting that
some techniques, such as sex mismatch transplantation assays and parabiosis assays [54–61], were
the same as those used successfully in hematopoietic stem cell (HSC)-based regeneration studies
demonstrating that cell fusion gives rise to functional hybrid cells. In both assays, when cells
from mouse A are transferred into mouse B, hybrid cells can be characterized by their morphology,
functionality, sex chromosomes, and coexpression of mouse A and mouse B markers [54–62].

Using a sex mismatch transplantation assay, Rizvi and colleagues were able to show that
transplanted bone marrow-derived stem cells (BMDCs) stably fused with normal and transformed
intestinal epithelial cells [63]. Here, BMDCs from female EGFP or β-Gal transgenic mice were
transplanted into lethally irradiated male APCMin−/− mice, representing an animal model for colon
carcinogenesis [63]. Similar findings were obtained using a parabiosis model, whereby a GFP
mouse and a APCMin−/− mouse, which was also transgenic for β-Gal, were surgically joined [12].
The intestinal crypts of the APCMin−/− mouse were examined after seven weeks, revealing a pervasive
presence of GFP and β-Gal positive cells suggesting that these cells most likely originated by cell
fusion [12]. Similar studies have involved the implantation of human tumor cells into mice. For
example, when Jacobsen and colleagues implanted adenocarcinoma cells from a pleural effusion of
a female breast cancer patient into the mammary glands of nude mice, they found that the tumor
was comprised of human and mouse cells [28]. In a cell line derived from one of the xenografts,
approximately 30% of the mitotic cells had mixed mouse and human chromosomes, among which 8%
carried mouse/human translocations [28]. However, because the patient-derived xenograft (PDX) cells
that were injected were unlabeled and nontransgenic nude mice were used in this study, the TN-hybrid
cells were not directly identified using fluorescence microscopy or flow cytometry, but rather by FISH
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analysis [28]. Genetically modified tumor cells expressing fluorescent reporters such as GFP, RFP or
YFP were used in two other studies to investigate whether tumor cells would fuse with normal cells
in vivo [20,29]. For example, Ramakrishnan et al. used GFP and RFP expressing ID8 ovary carcinoma
cells to demonstrate that these cells do fuse with hematopoietic cells [20,29]. Both, injection of ID8-GFP
cells into normal mice and injection of ID8-RFP cells into GFP mice resulted in TN-hybrid cells that
were positive for either GFP and CD45 or GFP, RFP, and CD45, respectively [20]. More complex
tumorigenic studies were recently performed by Gast and colleagues [29]. Here either H2B-RFP
B16F10 mouse melanoma cells were injected into a GFP mouse, H2B-RFP/Cre B16F10 cells were
injected into a R26R-stop-YFP transgenic mouse, or fl-dsRED-fl-GFP B16F10 cells were injected into
a Cre mouse [29]. In all cases the authors could identify TN-hybrid cells, indicating that tumor cells
could fuse with normal cells thereby giving rise to stable TN-hybrid cells.

Of course, selecting the perfect markers for the identification of TN-hybrid cells in in vitro and
in vivo animal studies is simplified due to the wide range of genetically modified tumor cells and
transgenic mouse strains available. However, this system is limited when studying cell fusion in
a human cancer context. Current strategies to identify TN-hybrid cells in human cancers usually
use marker molecules of the hybridization partner that are not commonly expressed by cancer cells.
Because macrophages are well-known to be fusogenic [3] and several studies showed that macrophages
could fuse with cancer cells in in vitro and in vivo animal studies [9,10,12,15], macrophage markers,
such as CD14, CD45 and CD163, have primarily been used for the search of TN-hybrid cells in
human tumors [13,20,29,35,36,41,42]. Shabo et al. found that CD163 expression in both breast
and colorectal cancer samples was associated with metastatic spreading, early recurrence, and an
overall poor prognosis [35–37]. However, in these studies, breast and colorectal cancer samples were
not costained with cancer-specific markers, but rather were distinguished morphologically from
tumor-associated macrophages. The pan-hematopoietic marker CD45 was applied to detect TN-hybrid
cells in the ascites fluid of ovarian cancer patients and in the circulation of melanoma and pancreatic
cancer patients [20,29,41,42]. Additionally, samples were counterstained with cancer-specific markers,
such as cytokeratin or epithelial cell-adhesion molecule (EpCAM), to further support that the CD45
positive cells were most likely real TN-hybrids. The advantage of costaining procedures is the greater
availability of appropriate negative controls. Only TN-hybrid cells are costained with, e.g., CD45 and
EpCAM, whereas macrophages and tumor cells are single positive for CD45 or EpCAM, respectively.

While these studies show that putative TN-hybrid cells can be identified in human cancer
patients based on the coexpression of hematopoietic markers and tumor-specific markers [20,29,41,42],
a degree of uncertainty remains whether hematopoietic lineage markers are legitimate fusion markers,
even though these findings are supported by appropriate animal studies [12,20,29]. Is the expression
of, e.g., hematopoietic markers by tumor cells truly attributed to a former fusion event with cells of the
hematopoietic lineage or rather, is it attributed to the tumor cells overall increased genomic instability?
More reliable cell fusion data were obtained from human cancer patients who received a bone marrow
transplant (BMT) [29,32–34,39]. In accordance with the abovementioned sex mismatch transplantation
assays for stem cell-based regeneration studies, tumor samples of such cancer patients were assayed
for both recipient and donor-specific DNA in the same samples. Donor DNA was clearly found in
microdissected tumor samples obtained from a child that developed renal cell carcinoma and then
metastases after BMT [32]. However, whether this finding is proof of cell fusion events is still not clear
because A and O blood group alleles were used for determination. The recipient was O/O, the BMT
donor was A/O, and the donor A allele was present throughout the metastasis, whereas the tumor
genotype was A/O [32]. Since the source of the O allele in the tumor cells could not be determined it
could have originated from both the donor and recipient [32]. Hence, it could not be ruled out that
donor-derived cells may have first transdifferentiated into functional kidney cells and then underwent
malignant transformation. In a similar study, a primary renal cell carcinoma of a female patient who
received a BMT from her 15-year-old son was probed for the presence of the Y chromosome by FISH
analysis [34]. Analysis of formalin-fixed histology specimens for cells containing the Y chromosome
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as a BMT cell marker and three or more chromosome 17s as a tumor cell marker showed that such
cells were found in a region covering approximately 10% of the tumor area, located adjacent to normal
renal tissue, where approximately 1% of the cells contained both markers [34].

Gast and colleagues also investigated female patients who received a sex-mismatched BMT,
and that developed a pancreatic ductal adenocarcinoma [29]. Here, the Y chromosome was detected in
approximately 4.3% of the cancer cells, which were counterstained with cytokeratin [29]. In addition,
Y chromosome and cytokeratin positive tumor cells were also found in biopsies of solid tumors from
women with previous sex-mismatched BMTs and renal cell carcinoma, head and neck squamous
carcinoma (HNSCC) or lung carcinoma [29]. Moreover, Y chromosome positive and CD45 and EpCAM
positive putative TN-hybrid cells (as well as CD45 and cytokeratin positive TN-hybrid cells) were also
found in the circulation of female pancreatic cancer patients with metastatic disease and high levels
of these cells were correlated with a poor prognosis [29]. However, metastases were not analyzed in
this study, and because of that, it remains unclear whether circulating TN-hybrids truly exhibited an
increased metastatic capacity. Nonetheless, these findings indicate a possible relationship between
higher numbers of circulating TN-hybrid cells and the occurrence of distant metastases.

The above studies support the hypothesis that cell fusion events indeed occur in human cancers
and that TN-hybrid cells can contribute to tumor progression and the formation of metastatic tumors.
However, in all these studies only one donor marker was used, the Y chromosome. On the one hand,
Y chromosome positive cancer cells indicate that they most likely stemmed from hematopoietic cells
of the bone marrow. An alternative explanation for the presence of Y chromosome positive cancer
cells could be due to fetal cell microchimerism (FCM), i.e., persistence of fetal cells in the mother [64].
FCM has been observed in a variety of human cancers, including breast, skin, lung, and cervix,
whereby data are contradictory because some studies suggested a protective role and others a rather
carcinogenic role for FCM [64]. Hence, to rule out the possibility of FCM, it has to be clarified whether
sex-mismatch BMT female cancer patients had a male child.

A more sophisticated method to search for TN-hybrid cells in tumor samples of sex-mismatched
BMT female cancer patients is the short tandem repeat (STR) analysis. The advantage of this
technique, which is commonly used in forensic science and in paternity tests, is that TN-hybrid
cells can be unequivocally identified via parallel determination of parental alleles located on different
chromosomes. By doing so, Lazova et al. and LaBerge et al. were able to demonstrate an overlay
of various donor and recipient alleles in microdissected tumor cells of male melanoma patients who
received a BMT from their brothers [33,39]. To date, this is the most reliable proof that cell fusion
events truly occur in human cancers.

These studies show that it is feasible to detect putative TN-hybrid cells in human cancers, but that
it is much more difficult than in animal studies using genetically modified tumor cells and defined
mouse strains. Only in BMT cancer patients could TN-hybrid cells be properly identified, but the
number of BMT cancer patients is rather low compared to normal cancer patients. Coexpression of
cancer-related markers, such as cytokeratins or EpCAM, and hematopoietic lineage markers, such as
CD45 and CD163, is another strategy to identify putative TN-hybrid cells in human cancers.

However, it has to be kept in mind that the current search strategies for TN-hybrid cells in human
cancers are limited to those markers that are usually not expressed/present in tumor cells, such as
the Y chromosome and hematopoietic lineage markers. Moreover, these search strategies also depend
on the fact that these markers are stably expressed by the hybrid cells over time. However, what if
TN-hybrid cells originate that do not express these specific markers or have lost them? This brings us
to the next section.

3. Invisible or Dark Matter Hybrid Cells

To detect TN-hybrid cells in human cancers they must be “visible”, which means that they
must express specific markers by which they can be detected. The studies summarized above
likely indicate that tumor cells preferentially fuse with macrophages and that evolving TN-hybrids
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express macrophage markers. However, cell fusion is not limited to tumor cells and macrophages.
It is well known that tumor cells also fuse with other tumor cells [47,53,65–67], as well as with
fibroblasts [8,25,68] and stem(-like) cells [17,21,48,56,69,70]. Whether such tumor cell × tumor cell
(TT)-hybrids or tumor cell × fibroblast/stem-like cell hybrid cells (also called TN-hybrid cells) can be
detected will depend on whether they express specific markers.

In this context, we would like to name such TT- and TN-hybrid cells that cannot be detected due
to the lack of specific markers as “invisible” or “dark matter hybrids”. Dark matter is a hypothetical
form of matter that constitutes 85% of all the matter in the Universe, but what it is made of is
unknown [71]. Because dark matter does not interact with observable electromagnetic radiation,
such as light, it is invisible and can only be detected indirectly due to interactions with gravitational
forces [72]. In biology, the term dark matter has been suggested for species, such as intrinsically
disordered proteins, posttranslational states, ion species, and rare, transient, and weak interactions
undetectable by biochemical assays [73]. Like dark matter in gravitational physics, dark matter in
biology is interacting and performing functions that are perceptible, yet cannot be directly detected or
the matter itself cannot be sensed [73]. Noncoding DNA has been suggested as the genetic equivalent
to dark matter in cosmology [74]. It is known that noncoding DNA affects gene expression, yet it has
been difficult to determine its full impact due to the computationally intensive calculations needed to
simultaneously process genomic and RNA expression data [74].

Dark matter hybrids could be the invisible part of the visible tumor matter. Hidden inside the
tumor mass, these hybrids could interact and perform functions that contribute to tumor progression.
Dark matter hybrids could originate from homotypic tumor cell fusion events. TT-hybrids may be
phenotypically similar to parental nonfused tumor cells and cannot be discriminated from them
(Figure 1A). However, dark matter hybrids could also originate from cell fusion events between
tumor cells and normal cells lacking a suitable discriminatory marker expression pattern. Like
TT-hybrids, such TN-hybrids would be indistinguishable from nonfused tumor cells (Figure 1B).
Finally, dark matter hybrids could also originate from visible hybrid cells that have lost specific
marker expression (Figure 1C). That TN-hybrid cells could lose marker expression over time has
been recently demonstrated by Powell and colleagues [12]. Here, isolated and cultivated murine
intestinal × macrophage hybrids lost the ability to express the murine macrophage marker F4/80
at the protein level [12]. Even though such TN-hybrid cells retained F4/80 expression at the mRNA
level [12], they would be “invisible” by immunocytochemistry. In this context, it cannot be ruled out
that even in sex-mismatched BMT human cancer studies former TN-hybrid cells may have lost the Y
chromosome and become invisible.

The reason why TN-hybrid cells may lose marker expression and even whole chromosomes
over time, and, hence, become part of the “dark matter” inside the tumor, is due to the increased
genomic instability of the hybrid cells [75–77]. This is well known from hybridoma research [78] and
the main cause for why hybridomas stop producing antibodies. Genomic instability is a hallmark of
most, if not all, tumors and the main cause for the intratumoral heterogeneity [43]. Cell fusion is an
inducer of genomic instability, which is related to the so-called heterokaryon to synkaryon transition
(HST) process, which describes the fusion of the parental nuclei and the merging of the parental
chromosomes. This process is accompanied by chromosomal rearrangements (e.g., translocations,
deletions, etc.) and damage (single and double strand breaks), loss of whole chromosomes, unequal
segregation of chromosomes in daughter cells and potentially even chromothripsis [29,48,75–77,79].
As an inducer of genomic instability, this is similar to the mutator phenotype that has been postulated
for both the mutation and aneuploid theory of carcinogenesis and tumor progression [80,81]. However,
if either mutations, aneuploidy or cell fusion can induce genomic instability, then the following
question remains.
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Figure 1. Model of how dark matter hybrids may originate. Tumor cells can either fuse with other tumor
cells (homotypic fusion) or normal cells (heterotypic fusion), resulting in a heterokaryon (a hybrid cell
with at least two nuclei). Hybrid cells can undergo a process known as the heterokaryon-to-synkaryon
transition (HST), which is the merging of the parental chromosomes and random distribution to
(at least) two daughter cells with one nucleus (synkaryon). A solid-colored nucleus represents the
unchanged karyotype of a normal cell, whereas the altered karyotype of a tumor cell is presented
as a gradient colored nucleus. HST is a potent inducer of genomic instability and most hybrid cells
will die or will be less capable of proliferation (not shown here). (A) Homotypic tumor cell fusion
results in dark matter hybrids that are indistinguishable from parental cells. (B) Heterotypic fusion
of a tumor cell and a normal cell both exhibiting a similar specific marker pattern also results in dark
matter hybrids that are indistinguishable from parental cells. (C) Heterotypic fusion of a tumor cell
and a normal cell exhibiting a specific discrimination marker pattern. Due to genomic instability one
TN-hybrid cell loses discrimination markers over time and becomes a dark matter hybrid. In contrast,
the other TN-hybrid cell retains discrimination markers and becomes part of the visible matter hybrids.
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Is it Possible to Distinguish between Mutation-Derived Genomic Instability, Aneuploidy-Derived Genomic
Instability and Cell Fusion-Derived Genomic Instability?

Genomic instability is a hallmark of cancers and the main cause for the intratumoral heterogeneity
of tumors [43]. All three carcinogenesis hypotheses (mutation, aneuploidy, and cell fusion) involve
different mechanisms to explain this phenomenon. The mutation theory assumes that the malignant
transformation of cells is attributed to a successive accumulation of driver and passenger mutations [82].
Passenger mutations could occur in any gene, but (most likely) do not have any impact on
carcinogenesis, whereas driver mutations affect proto-oncogenes and tumor suppressor genes, thereby
altering their functions in a way that ultimately could result in the malignant transformation of
a cell [82]. In fact, mutations in genes that are involved in DNA mismatch repair and DNA
proofreading are correlated with an increased rate of single nucleotide changes and chromosomal
rearrangements [83,84] and could induce a so-called mutator phenotype [81].

In contrast, the aneuploidy hypothesis postulates that both the malignant transformation of a cell
and genomic instability are attributed to an unequal and abnormal number of chromosomes [80,85–87].
This hypothesis was initially proposed by the German physician David von Hansemann and further
developed by the German biologist Theodor Boveri more than 100 years ago [88,89]. They argued
that the homeostasis of a cell is imbalanced, which would affect several cellular functions. Because an
aneuploid tumor cell will always give rise to aneuploid daughter tumor cells, Li et al. proposed the term
“autocatalytic karyotype evolution”, which means that the level of aneuploidy would increase with
the number of cell divisions, thereby generating new lethal, preneoplastic and eventually neoplastic
karyotypes [87]. Mutations in spindle checkpoint proteins and in proteins involved in chromosome
segregation, as well as nonmutagenic carcinogens, were able to induce aneuploidy in cells and this was
correlated with neoplastic transformation, genomic instability, and increased tumorigenicity [90–94].

As mentioned above, cell fusion-induced genomic instability is attributed to the HST process,
which is the fusion of the parental nuclei and the merging of the parental chromosomes [48,76,77].
Why some TN-hybrid cells can undergo HST and how this process is regulated remains to be elucidated.
It is known from stem cell-based tissue regeneration studies that heterokaryons derived from fusion
events between hepatic cells and BMDCs can undergo ploidy reductions to generate daughter cells
with one-half chromosomal content [95,96]. Interestingly, a more detailed analysis revealed that this
process was not tightly regulated in individual cells and resulted in a variety of successful and failed
bipolar, tripolar, and double mitoses [96]. In this context, successful means that, e.g., a double mitosis
of 8n cells gave rise to four 2n daughter cells, whereas failed double mitosis resulted in the formation
of two heterokaryons with two 2n nuclei [96].

Moreover, ploidy reductions were also associated with the unequal segregation of chromosomes,
resulting in gains and losses of whole chromosomes and thereby giving rise to aneuploid
karyotypes [96]. Whether ploidy reductions and HST are identical processes or if they differ remains to
be elucidated. Nonetheless, both processes may have in common that the proliferation of the cells and
the resolution of nuclear membranes is a prerequisite [48,76,96]. Otherwise, parental chromosomes
could not be merged and segregated randomly to the daughter cells. The reason why both HST and
ploidy reductions are associated with the missegregation of chromosomes is most likely attributed
to extra centrosomes concomitant with multipolar spindles that would be sufficient to promote
chromosome missegregation during bipolar and multipolar cell division [97]. Extra centrosomes in
cells can originate by several mechanisms, such as overduplication, de novo synthesis of centrosomes,
mitotic slippage, cytokinesis failure, and cell fusion [98]. In this context, it has to be considered that
the process of HST/ploidy reductions will occur randomly in each hybrid cell. Thus, it cannot be
predicted how cells will divide (i.e., bipolar mitosis, tripolar mitosis, multipolar mitosis or double
mitosis), how chromosomes will be spread to the daughter cells (equal or unequal segregation),
and whether chromosomes will be lost or not. All of this together potently drives aneuploidy and
genomic instability in evolving TN-hybrid cells and more importantly, in their emerging progenies.
The variation in chromosomal number between individual hybrid cell clones and in individual hybrid
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cell clones over time was recently shown by Zhou and coworkers [76]. Fusion-derived clones were
near diploid at early passage and generally remained so during 10 to 11 passages, whereas the number
of chromosomes in fusion-derived clones were near triploid or tetraploid at early passage and usually
decreased with repeated passages, becoming near diploid [76].

In addition to the cell fusion induced aneuploidy and genomic instability in individual hybrid
clones, Zhou et al. also observed an increased frequency of DNA damage, i.e., double-stranded breaks
and translocations in hybrid cells [76]. Importantly, DNA damage is also related to chromosome
missegregation during the division of aneuploid cells [99,100]. Moreover, chromosome missegregation
and DNA damage both play key roles in the phenomenon known as chromothripsis, which is a
catastrophic event in which one or a few chromosomes are shattered into tens to hundreds of fragments
that are reassembled in random order; this gives rise to derivative chromosomes with extensive
rearrangements, or alternatively the chromosomes may become lost and/or self-ligate into circular
DNA structures called double minutes [101]. Hence, cell fusion, like mutations and aneuploidy, is a
potent inducer of genomic instability.

The question of this chapter was whether it would be possible to distinguish between
mutation-derived genomic instability, aneuploidy-derived genomic instability, and cell fusion-derived
genomic instability and the answer is clearly, no. Mutations, aneuploidy, and cell fusion are all potent
inducers of genomic instability, and they collectively contribute to tumor progression. Mutations can
result in aneuploidy and vice versa. Cell fusion also results in aneuploidy and, hence, mutations. It is
simply not known what has happened in the evolution of the cancer cells found in the present tumor
biopsy (Figure 2).

Figure 2. Timeline of cell fusion events inside a tumor tissue. Cell fusion events can occur at any time
inside a tumor tissue (gray), whereby the fusion frequency should increase with tumor size. Whether
hybrid cells will become visible or part of the dark matter (invisible) will depend on which cell types
fuse and if they retain or lose specific marker expression. A, Tumor cells could either fuse with each
other (homotypic fusion) or with normal cells expressing similar markers (heterotypic fusion) resulting
in invisible/dark matter hybrids. Such hybrids are indistinguishable from nonfused tumor cells (gray)
but contribute to tumor heterogeneity and tumor growth (dashed and dotted lines). B, Heterotypic cell
fusion between tumor cells and normal cells results in TN-hybrid cells that have lost specific marker
expression over time and become part of the dark matter. A switch from red to gray indicates the loss
of specific marker expression. C, Heterotypic cell fusion between tumor cells and normal cells results
in TN-hybrid cells that have retained normal cell marker expression over time and can be detected in
the biopsy.
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As mentioned above, hematopoietic lineage markers or the Y chromosome are commonly used to
detect putative TN-hybrid cells in human tumors. However, these markers are only as good as long as
they are stable. Cell fusion is a potent inducer of genomic instability, and because of that, it cannot be
ruled out that certain TN-hybrid cells could lose these markers over time. While such cells originated
by cell fusion, they are now part of the dark matter (Figure 2). In this context, the following statement
has to be considered.

4. Cell Fusion Is a 4D Process

Cell fusion may not be a single event that occurs only once in a tumor, but rather a repeating
process occurring as the tumor develops. This is attributed to the chronically inflamed tumor
microenvironment [102] and the finding that cell fusion is potently triggered by chronic inflammation
and inflammatory cytokines, such as TNF-α, as a consequence of tissue injury [19,54,60,103–108].
Cell fusion is one mechanism by which BMDCs or myelomonocytic cells can restore organ tissue
function [55,57,58,109,110]. However, those cells do not distinguish between “good” normal cells and
“bad” neoplastic cells. As a consequence, the same cells that, e.g., restore liver function by cell fusion,
will also restore tumor function by cell fusion. In addition to time (the longer a tumor exists the more
cell fusion events will occur), the frequency of cell fusion events also depends on the size of a tumor (the
bigger a tumor is the more cell fusion events will occur). Thus, it can be concluded that the number of
TN-hybrid cells will steadily increase in the three-dimensional (3D) tumor environment with time (the
fourth dimension) and because of that cell fusion is a 4D process (Figure 2). This, however, implies that
more viable than nonviable TN-hybrid cells will originate by cell fusion during tumor development.

The cell fusion in cancer hypothesis postulates that TN-hybrid cells can exhibit novel properties,
such as enhanced drug resistance or enhanced metastatic capacity [30,79,111,112]. Because cell fusion
is a 4D process, this implies that metastatic TN-hybrid cells can originate at any time in a tumor.
Early dissemination of tumor cells has been observed for breast cancer, pancreatic cancer and malignant
melanoma [113–116], indicating that the process of metastatic spreading has already started even
before the primary tumor has been diagnosed. However, it cannot be ruled out that early evolved
TN-hybrid cells are nonmetastatic at first but become metastatic later due to further genomic alterations.
This would be similar to the postulated autocatalytic karyotype evolution hypothesis in which the
degree of aneuploidy and genomic instability increases with time, thereby giving rise to invasive
and metastatic karyotypes [87]. Nonmetastatic TN-hybrid cells could be positive for fusion marker
expression and could retain marker expression over time despite genomic instability. However,
genomic instability could also result in a loss of fusion marker expression, and such cells would
become part of the dark matter (Figure 2).

In summary, cell fusion could be a 4D process resulting in a steady increase in TN-hybrid cells
over time within the tumor tissue with the possibility that TN-hybrid cells can evolve at any time.
However, the following question still remains unclear.

5. How Many TN-Hybrid Cells are Needed for Tumor Progression?

In fact, there is no answer to this question. Cancer is a highly individual disease. Even though
two patients might have the same type of cancer, the outcome could be totally different. Patient A
may respond to therapy and be cured, while patient B may not. Likewise, patient B may not develop
metastases despite a large primary tumor, whereas during primary tumor formation in patient A,
cancer cells may have already disseminated.

Cell fusion has been associated with TN-hybrid cells that exhibit novel properties, such as an
increased metastatic capacity or an enhanced drug resistance [30,79,111,112]. However, if a tumor has
not metastasized or is sensitive to cancer therapy, this does not mean that TN-hybrid cells have not
formed. Cell fusion is an open and random process that can also give rise to nonmetastatic and drug
sensitive TN-hybrid cells. Such cells would rather contribute to the growth and heterogeneity of the
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primary tumor. On the other hand, several studies have demonstrated that the origin of TN-hybrid
cells is associated with disease progression [7–42].

As summarized above, the proportion of TN-hybrid cells within analyzed human tumor samples
varied markedly between different human cancer types. In some studies, the amount of TN-hybrid
cells was approximately 20 to 40% (and even higher) [13,20,34,36,38], whereas in another study
only approximately 4% of all cancer cells were thought to be TN-hybrid cells [29]. However,
these numerical values only reflect those TN-hybrid cells that were clearly identified by marker
expression. The number of TN-hybrid cells that belong to the dark matter inside the tumor remains
unclear. In any case, these findings likely suggest that higher numbers rather than lower numbers
of TN-hybrid cells are likely to be associated with tumor progression. For instance, both the
overall survival and distant recurrence-free survival were significantly decreased in breast cancer
patients with more than 25% of tumor cells CD163 positive [13]. Similar findings were reported
for colorectal cancer patients demonstrating that CD163 expression in tumor cells was correlated
with a significantly decreased cumulative survival and local recurrence-free survival [36]. However,
in a recently published study, Gast and colleagues showed that the number of TN-hybrid cells in
pancreatic ductal adenocarcinoma was only approximately 4.3% [29]. Nonetheless, significantly
higher numbers of circulating CK+/CD45+ TN-hybrid cells were found in patients with distant
metastases [29]. Likewise, high numbers of circulating CK+/CD45+ TN-hybrid cells were further
correlated with significantly decreased overall survival compared to patients with low numbers of
circulating CK+/CD45+ TN-hybrid cells [29]. In contrast, no correlation with stage or survival was
observed in patients with conventionally circulating tumor cells [29]. Even though it remains unknown
whether circulating CK+/CD45+ TN-hybrid cells truly exhibited an increased metastatic capacity
since metastases were not further analyzed, these findings may indicate that even lower numbers of
TN-hybrid cells in the primary tumor might contribute to tumor progression. This would also apply to
the abovementioned data on early dissemination [113–116] if such metastatic cells have originated by
cell fusion.

6. Conclusions

In conclusion, an increasing body of evidence indicates that cell fusion events in human cancers
are a real phenomenon and, hence, it can be concluded that TN-hybrid cells do truly contribute
to tumor progression by increasing tumor heterogeneity and most likely by triggering metastasis.
As summarized above, the expression of hematopoietic markers or the presence of donor DNA in
tumor cells are current and suitable strategies to identify TN-hybrid cells. However, these strategies
require that TN-hybrid cells retain these markers over time. A loss of these markers is equal to a
loss of visibility and such TN-hybrid cells become part of the dark matter inside the tumor tissue.
The probability that TN-hybrid cells may lose these markers over time is due to their genomic instability.
Likewise, dark matter TN-hybrid cells may originate from tumor cells and normal cells that express
similar markers or alternatively the dark matter TN-hybrid cells may have adopted the phenotype of
their normal cell fusion partner, thereby mimicking harmless cells.

These considerations indicate that the cell fusion in cancer hypothesis is much more complex
than initially thought and much more work needs to be done. The first step demonstrating that cell
fusion in human cancers is a real phenomenon has been accomplished. However, much more work
is necessary. In addition to cell fusion, epithelial–mesenchymal plasticity (EMP), dedifferentiation,
and trans differentiation can be viewed as the four major sources of tumor plasticity and heterogeneity
during tumorigenesis, and they all share some common characteristics [117]. Thus, the challenge will
be not only to identify new cell fusion specific markers to make dark matter TN-hybrid cells visible
but also to show that these markers will be suitable in distinguishing dark matter hybrids from cancer
cell plasticity caused by EMP or transdifferentiation. Whether genomic DNA, epigenetic alterations,
specific mRNAs, or specific proteins could be such specific markers remains to be clarified. However,
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we recommend that a combination of different markers of both cell fusion partners will be necessary
to clearly identify hybrid cells and to distinguish them from nonhybrid cells.

Likewise, it has to be clarified whether human TN-hybrid cells truly exhibit an increased
metastatic capacity and an enhanced drug resistance as postulated by the hypothesis. Initial data
are promising [7,29,33,34,39,41], but need to be validated in future studies. For instance, it would be of
interest to analyze metastases for the presence of hybrid cells. This has only been done in a few studies so
far [32,33,39] but is mandatory for proving the hypothesis. Likewise, tumor relapses should be analyzed
for TN-hybrids. If cell fusion can truly give rise to drug-resistant hybrid cells, this process may play a role
during chemotherapy or radiation therapy. Such therapies are effective at eradicating cancer cells but will
also induce a wound healing response. If BMDCs or myelomonocytic cells or other to date unknown cells
can restore cancer therapy damaged tumor cells by cell fusion, this could result in cancer therapy resistant
TN-hybrid cells [16,79].

Furthermore, the mechanism of cell fusion has to be resolved. Cell fusion is a rather a tightly
regulated process that has to be both initiated and terminated. Even though cell fusion plays a crucial
role in physiological and pathophysiological processes, considerably less is still unknown about this
phenomenon. Inflammation is a positive trigger for cell fusion, but what happens to the cells under
inflammatory conditions? Which proteins are upregulated and which are downregulated in the cells?
Do cells randomly fuse with each other (e.g., macrophages fuse with any tumor cells they are in
contact with) or is there a directed fusion (e.g., macrophages will only fuse with certain tumor cells,
which possibly express proteins marking them as fusion partners)? This also applies to the question
of why the proportion of TN-hybrid cells in human tumors varies greatly between different types of
cancer? Are certain types of cancer preferred for cell fusion because they likely express cell fusion
related proteins?

Thus, there are many questions that have to be answered and much work that has to be done in
the future to shed more light on the dark matter hypothesis of cell fusion.

Author Contributions: T.D. writing—original draft preparation, J.W., T.D. writing—review and editing.

Funding: This research received no external funding.

Acknowledgments: This manuscript was language edited by American Journal Experts, Durham, NC, USA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aguilar, P.S.; Baylies, M.K.; Fleissner, A.; Helming, L.; Inoue, N.; Podbilewicz, B.; Wang, H.; Wong, M. Genetic
basis of cell-cell fusion mechanisms. Trends Genet. 2013, 29, 427–437. [CrossRef]

2. Dittmar, T.; Zänker, K.S. Cell Fusion in Health and Disease: Volume I. Springer: Dordrecht, The Netherlands,
2011; Volume 1.

3. Helming, L.; Gordon, S. Molecular mediators of macrophage fusion. Trends Cell Biol. 2009, 19, 514–522. [CrossRef]
[PubMed]

4. Hernandez, J.M.; Podbilewicz, B. The hallmarks of cell-cell fusion. Development 2017, 144, 4481–4495.
[CrossRef] [PubMed]

5. Duelli, D.; Lazebnik, Y. Cell-to-cell fusion as a link between viruses and cancer. Nat. Rev. Cancer 2007, 7, 968–976.
[CrossRef]

6. Aichel, O. Über zellverschmelzung mit quantitativ abnormer chromosomenverteilung als ursache der
geschwulstbildung. In Vorträge und Aufsätze über Entwicklungsmechanik der Organismen; Roux, W., Ed.;
Wilhelm Engelmann: Leipzig, Germany, 1911; pp. 1–115.

7. Clawson, G.A.; Matters, G.L.; Xin, P.; Imamura-Kawasawa, Y.; Du, Z.; Thiboutot, D.M.; Helm, K.F.; Neves, R.I.;
Abraham, T. Macrophage-tumor cell fusions from peripheral blood of melanoma patients. PLoS ONE 2015, 10.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tig.2013.01.011
http://dx.doi.org/10.1016/j.tcb.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19733078
http://dx.doi.org/10.1242/dev.155523
http://www.ncbi.nlm.nih.gov/pubmed/29254991
http://dx.doi.org/10.1038/nrc2272
http://dx.doi.org/10.1371/journal.pone.0134320
http://www.ncbi.nlm.nih.gov/pubmed/26267609


Cells 2019, 8, 132 12 of 17

8. Kemeny, L.V.; Kurgyis, Z.; Buknicz, T.; Groma, G.; Jakab, A.; Zanker, K.; Dittmar, T.; Kemeny, L.; Nemeth, I.B.
Melanoma cells can adopt the phenotype of stromal fibroblasts and macrophages by spontaneous cell fusion
in vitro. Int. J. Mol. Sci. 2016, 17, 826. [CrossRef] [PubMed]

9. Lindstrom, A.; Midtbo, K.; Arnesson, L.G.; Garvin, S.; Shabo, I. Fusion between m2-macrophages and cancer
cells results in a subpopulation of radioresistant cells with enhanced DNA-repair capacity. Oncotarget 2017,
8, 51370–51386. [CrossRef]

10. Lizier, M.; Anselmo, A.; Mantero, S.; Ficara, F.; Paulis, M.; Vezzoni, P.; Lucchini, F.; Pacchiana, G. Fusion
between cancer cells and macrophages occurs in a murine model of spontaneous neu+ breast cancer without
increasing its metastatic potential. Oncotarget 2016. [CrossRef]

11. Martin-Padura, I.; Marighetti, P.; Gregato, G.; Agliano, A.; Malazzi, O.; Mancuso, P.; Pruneri, G.; Viale, A.;
Bertolini, F. Spontaneous cell fusion of acute leukemia cells and macrophages observed in cells with leukemic
potential. Neoplasia 2012, 14, 1057–1066. [CrossRef]

12. Powell, A.E.; Anderson, E.C.; Davies, P.S.; Silk, A.D.; Pelz, C.; Impey, S.; Wong, M.H. Fusion between
intestinal epithelial cells and macrophages in a cancer context results in nuclear reprogramming. Cancer Res.
2011, 71, 1497–1505. [CrossRef]

13. Shabo, I.; Midtbo, K.; Andersson, H.; Akerlund, E.; Olsson, H.; Wegman, P.; Gunnarsson, C.; Lindstrom, A.
Macrophage traits in cancer cells are induced by macrophage-cancer cell fusion and cannot be explained by
cellular interaction. BMC Cancer 2015, 15, 922. [CrossRef] [PubMed]

14. Chakraborty, A.K.; Sousa de Freitas, J.; Espreafico, E.M.; Pawelek, J.M. Human monocyte x mouse melanoma
fusion hybrids express human gene. Gene 2001, 275, 103–106. [CrossRef]

15. Rachkovsky, M.; Sodi, S.; Chakraborty, A.; Avissar, Y.; Bolognia, J.; McNiff, J.M.; Platt, J.; Bermudes, D.;
Pawelek, J. Melanoma x macrophage hybrids with enhanced metastatic potential. Clin. Exp. Metastasis 1998,
16, 299–312. [CrossRef] [PubMed]

16. Dittmar, T.; Nagler, C.; Schwitalla, S.; Reith, G.; Niggemann, B.; Zanker, K.S. Recurrence cancer stem
cells–made by cell fusion? Med. Hypotheses 2009, 73, 542–547. [CrossRef] [PubMed]

17. Dittmar, T.; Schwitalla, S.; Seidel, J.; Haverkampf, S.; Reith, G.; Meyer-Staeckling, S.; Brandt, B.H.;
Niggemann, B.; Zanker, K.S. Characterization of hybrid cells derived from spontaneous fusion events
between breast epithelial cells exhibiting stem-like characteristics and breast cancer cells. Clin. Exp. Metastasis
2011, 28, 75–90. [CrossRef] [PubMed]

18. He, X.; Li, B.; Shao, Y.; Zhao, N.; Hsu, Y.; Zhang, Z.; Zhu, L. Cell fusion between gastric epithelial cells and
mesenchymal stem cells results in epithelial-to-mesenchymal transition and malignant transformation. BMC Cancer
2015, 15, 24. [CrossRef]

19. Melzer, C.; von der Ohe, J.; Hass, R. In vitro fusion of normal and neoplastic breast epithelial cells with
human mesenchymal stroma/stem cells (msc) partially involves tnf receptor signaling. Stem Cells 2018.
[CrossRef]

20. Ramakrishnan, M.; Mathur, S.R.; Mukhopadhyay, A. Fusion derived epithelial cancer cells express hematopoietic
markers and contribute to stem cell and migratory phenotype in ovarian carcinoma. Cancer Res. 2013, 73, 5360–5370.
[CrossRef]

21. Wang, R.; Chen, S.; Li, C.; Ng, K.T.; Kong, C.W.; Cheng, J.; Cheng, S.H.; Li, R.A.; Lo, C.M.; Man, K.; et al. Fusion with
stem cell makes the hepatocellular carcinoma cells similar to liver tumor-initiating cells. BMC Cancer 2016, 16, 56.
[CrossRef]

22. Wang, Y.; Fan, H.; Zhou, B.; Ju, Z.; Yu, L.; Guo, L.; Han, J.; Lu, S. Fusion of human umbilical cord mesenchymal
stem cells with esophageal cells. Int. J. Oncol. 2012, 40, 370–377. [CrossRef]

23. Zeng, C.; Zhang, Y.; Park, S.C.; Eun, J.R.; Nguyen, N.T.; Tschudy-Seney, B.; Jung, Y.J.; Theise, N.D.; Zern, M.A.;
Duan, Y. Cd34 liver cancer stem cells were formed by fusion of hepatobiliary stem/progenitor cells with
hematopoietic precursor-derived myeloid intermediates. Stem Cells Dev. 2015, 24, 2467–2478. [CrossRef]
[PubMed]

24. Melzer, C.; von der Ohe, J.; Hass, R. Enhanced metastatic capacity of breast cancer cells after interaction and
hybrid formation with mesenchymal stroma/stem cells (msc). Cell Commun Signal 2018, 16, 2. [CrossRef]

25. Kurgyis, Z.; Kemeny, L.V.; Buknicz, T.; Groma, G.; Olah, J.; Jakab, A.; Polyanka, H.; Zanker, K.; Dittmar, T.;
Kemeny, L.; et al. Melanoma-derived braf(v600e) mutation in peritumoral stromal cells: Implications for
in vivo cell fusion. Int. J. Mol. Sci. 2016, 17. [CrossRef]

http://dx.doi.org/10.3390/ijms17060826
http://www.ncbi.nlm.nih.gov/pubmed/27271591
http://dx.doi.org/10.18632/oncotarget.17986
http://dx.doi.org/10.18632/oncotarget.11508
http://dx.doi.org/10.1593/neo.12736
http://dx.doi.org/10.1158/0008-5472.CAN-10-3223
http://dx.doi.org/10.1186/s12885-015-1935-0
http://www.ncbi.nlm.nih.gov/pubmed/26585897
http://dx.doi.org/10.1016/S0378-1119(01)00647-3
http://dx.doi.org/10.1023/A:1006557228604
http://www.ncbi.nlm.nih.gov/pubmed/9626809
http://dx.doi.org/10.1016/j.mehy.2009.05.044
http://www.ncbi.nlm.nih.gov/pubmed/19564079
http://dx.doi.org/10.1007/s10585-010-9359-3
http://www.ncbi.nlm.nih.gov/pubmed/20981475
http://dx.doi.org/10.1186/s12885-015-1027-1
http://dx.doi.org/10.1002/stem.2819
http://dx.doi.org/10.1158/0008-5472.CAN-13-0896
http://dx.doi.org/10.1186/s12885-016-2094-7
http://dx.doi.org/10.3892/ijo.2011.1232
http://dx.doi.org/10.1089/scd.2015.0202
http://www.ncbi.nlm.nih.gov/pubmed/26192559
http://dx.doi.org/10.1186/s12964-018-0215-4
http://dx.doi.org/10.3390/ijms17060980


Cells 2019, 8, 132 13 of 17

26. Wang, R.; Sun, X.; Wang, C.Y.; Hu, P.; Chu, C.Y.; Liu, S.; Zhau, H.E.; Chung, L.W. Spontaneous cancer-stromal
cell fusion as a mechanism of prostate cancer androgen-independent progression. PLoS ONE 2012, 7, e42653.
[CrossRef]

27. Rappa, G.; Mercapide, J.; Lorico, A. Spontaneous formation of tumorigenic hybrids between breast cancer
and multipotent stromal cells is a source of tumor heterogeneity. Am. J. Pathol. 2012, 180, 2504–2515.
[CrossRef] [PubMed]

28. Jacobsen, B.M.; Harrell, J.C.; Jedlicka, P.; Borges, V.F.; Varella-Garcia, M.; Horwitz, K.B. Spontaneous fusion
with, and transformation of mouse stroma by, malignant human breast cancer epithelium. Cancer Res. 2006,
66, 8274–8279. [CrossRef]

29. Gast, C.E.; Silk, A.D.; Zarour, L.; Riegler, L.; Burkhart, J.G.; Gustafson, K.T.; Parappilly, M.S.; Roh-Johnson, M.;
Goodman, J.R.; Olson, B.; et al. Cell fusion potentiates tumor heterogeneity and reveals circulating hybrid
cells that correlate with stage and survival. Sci. Adv. 2018, 4. [CrossRef] [PubMed]

30. Pawelek, J.M.; Chakraborty, A.K. Fusion of tumour cells with bone marrow-derived cells: A unifying
explanation for metastasis. Nat. Rev. Cancer 2008, 8, 377–386. [CrossRef] [PubMed]

31. Kaur, E.; Rajendra, J.; Jadhav, S.; Shridhar, E.; Goda, J.S.; Moiyadi, A.; Dutt, S. Radiation-induced homotypic
cell fusions of innately resistant glioblastoma cells mediate their sustained survival and recurrence.
Carcinogenesis 2015, 36, 685–695. [CrossRef]

32. Chakraborty, A.; Lazova, R.; Davies, S.; Backvall, H.; Ponten, F.; Brash, D.; Pawelek, J. Donor DNA in a renal cell
carcinoma metastasis from a bone marrow transplant recipient. Bone Marrow Transplant. 2004, 34, 183–186. [CrossRef]

33. Lazova, R.; Laberge, G.S.; Duvall, E.; Spoelstra, N.; Klump, V.; Sznol, M.; Cooper, D.; Spritz, R.A.; Chang, J.T.;
Pawelek, J.M. A melanoma brain metastasis with a donor-patient hybrid genome following bone marrow
transplantation: First evidence for fusion in human cancer. PLoS ONE 2013, 8, e66731. [CrossRef] [PubMed]

34. Yilmaz, Y.; Lazova, R.; Qumsiyeh, M.; Cooper, D.; Pawelek, J. Donor y chromosome in renal carcinoma cells
of a female bmt recipient: Visualization of putative bmt-tumor hybrids by fish. Bone Marrow Transplant. 2005,
35, 1021–1024. [CrossRef] [PubMed]

35. Shabo, I.; Olsson, H.; Stal, O.; Svanvik, J. Breast cancer expression of dap12 is associated with skeletal and
liver metastases and poor survival. Clin. Breast Cancer 2013, 13, 371–377. [CrossRef] [PubMed]

36. Shabo, I.; Olsson, H.; Sun, X.F.; Svanvik, J. Expression of the macrophage antigen cd163 in rectal cancer
cells is associated with early local recurrence and reduced survival time. Int. J. Cancer 2009, 125, 1826–1831.
[CrossRef] [PubMed]

37. Shabo, I.; Stal, O.; Olsson, H.; Dore, S.; Svanvik, J. Breast cancer expression of cd163, a macrophage scavenger
receptor, is related to early distant recurrence and reduced patient survival. Int. J. Cancer 2008, 123, 780–786.
[CrossRef] [PubMed]

38. Andersen, T.L.; Boissy, P.; Sondergaard, T.E.; Kupisiewicz, K.; Plesner, T.; Rasmussen, T.; Haaber, J.;
Kolvraa, S.; Delaisse, J.M. Osteoclast nuclei of myeloma patients show chromosome translocations specific
for the myeloma cell clone: A new type of cancer-host partnership? J. Pathol. 2007, 211, 10–17. [CrossRef]
[PubMed]

39. LaBerge, G.S.; Duvall, E.; Grasmick, Z.; Haedicke, K.; Pawelek, J. A melanoma lymph node metastasis with a
donor-patient hybrid genome following bone marrow transplantation: A second case of leucocyte-tumor
cell hybridization in cancer metastasis. PLoS ONE 2017, 12, e0168581. [CrossRef]

40. Strick, R.; Ackermann, S.; Langbein, M.; Swiatek, J.; Schubert, S.W.; Hashemolhosseini, S.; Koscheck, T.; Fasching, P.A.;
Schild, R.L.; Beckmann, M.W.; et al. Proliferation and cell-cell fusion of endometrial carcinoma are induced by the
human endogenous retroviral syncytin-1 and regulated by tgf-beta. J. Mol. Med. 2007, 85, 23–38. [CrossRef]

41. Clawson, G.A.; Kimchi, E.; Patrick, S.D.; Xin, P.; Harouaka, R.; Zheng, S.; Berg, A.; Schell, T.; Staveley-O’Carroll, K.F.;
Neves, R.I. Circulating tumor cells in melanoma patients. PLoS ONE 2012, 7, e41052. [CrossRef] [PubMed]

42. Clawson, G.A.; Matters, G.L.; Xin, P.; McGovern, C.; Wafula, E.; de Pamphilis, C.; Meckley, M.; Wong, J.;
Stewart, L.; D’Jamoos, C.; et al. “Stealth dissemination” of macrophage-tumor cell fusions cultured from
blood of patients with pancreatic ductal adenocarcinoma. PLoS ONE 2017, 12, e0184451. [CrossRef]

43. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

44. Janssen, A.; Medema, R.H. Genetic instability: Tipping the balance. Oncogene 2013, 32, 4459–4470. [CrossRef]
[PubMed]

http://dx.doi.org/10.1371/journal.pone.0042653
http://dx.doi.org/10.1016/j.ajpath.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22542847
http://dx.doi.org/10.1158/0008-5472.CAN-06-1456
http://dx.doi.org/10.1126/sciadv.aat7828
http://www.ncbi.nlm.nih.gov/pubmed/30214939
http://dx.doi.org/10.1038/nrc2371
http://www.ncbi.nlm.nih.gov/pubmed/18385683
http://dx.doi.org/10.1093/carcin/bgv050
http://dx.doi.org/10.1038/sj.bmt.1704547
http://dx.doi.org/10.1371/journal.pone.0066731
http://www.ncbi.nlm.nih.gov/pubmed/23840523
http://dx.doi.org/10.1038/sj.bmt.1704939
http://www.ncbi.nlm.nih.gov/pubmed/15778726
http://dx.doi.org/10.1016/j.clbc.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23810293
http://dx.doi.org/10.1002/ijc.24506
http://www.ncbi.nlm.nih.gov/pubmed/19582880
http://dx.doi.org/10.1002/ijc.23527
http://www.ncbi.nlm.nih.gov/pubmed/18506688
http://dx.doi.org/10.1002/path.2078
http://www.ncbi.nlm.nih.gov/pubmed/17083146
http://dx.doi.org/10.1371/journal.pone.0168581
http://dx.doi.org/10.1007/s00109-006-0104-y
http://dx.doi.org/10.1371/journal.pone.0041052
http://www.ncbi.nlm.nih.gov/pubmed/22829910
http://dx.doi.org/10.1371/journal.pone.0184451
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1038/onc.2012.576
http://www.ncbi.nlm.nih.gov/pubmed/23246960


Cells 2019, 8, 132 14 of 17

45. Melzer, C.; von der Ohe, J.; Hass, R. Msc stimulate ovarian tumor growth during intercellular communication
but reduce tumorigenicity after fusion with ovarian cancer cells. Cell Commun. Signaling 2018, 16, 67. [CrossRef]
[PubMed]

46. Melzer, C.; Yang, Y.; Hass, R. Interaction of msc with tumor cells. Cell Commun. Signaling 2016, 14, 20.
[CrossRef] [PubMed]

47. Lu, X.; Kang, Y. Efficient acquisition of dual metastasis organotropism to bone and lung through stable spontaneous
fusion between mda-mb-231 variants. Proc. Natl. Acad. Sci. USA. 2009, 106, 9385–9390. [CrossRef]

48. Sottile, F.; Aulicino, F.; Theka, I.; Cosma, M.P. Mesenchymal stem cells generate distinct functional hybrids
in vitro via cell fusion or entosis. Sci. Rep. 2016, 6, 36863. [CrossRef]

49. Suetsugu, A.; Matsumoto, T.; Hasegawa, K.; Nakamura, M.; Kunisada, T.; Shimizu, M.; Saji, S.; Moriwaki, H.;
Bouvet, M.; Hoffman, R.M. Color-coded live imaging of heterokaryon formation and nuclear fusion of
hybridizing cancer cells. Anticancer Res. 2016, 36, 3827–3831.

50. Noubissi, F.K.; Harkness, T.; Alexander, C.M.; Ogle, B.M. Apoptosis-induced cancer cell fusion: A mechanism
of breast cancer metastasis. FASEB J. 2015. [CrossRef]

51. Gauck, D.; Keil, S.; Niggemann, B.; Zanker, K.S.; Dittmar, T. Hybrid clone cells derived from human breast
epithelial cells and human breast cancer cells exhibit properties of cancer stem/initiating cells. BMC Cancer
2017, 17, 515. [CrossRef]

52. Ozel, C.; Seidel, J.; Meyer-Staeckling, S.; Brandt, B.H.; Niggemann, B.; Zanker, K.S.; Dittmar, T. Hybrid cells derived
from breast epithelial cell/breast cancer cell fusion events show a differential raf-akt crosstalk. Cell Commun. Signal.
2012, 10, 10. [CrossRef]

53. Su, Y.; Subedee, A.; Bloushtain-Qimron, N.; Savova, V.; Krzystanek, M.; Li, L.; Marusyk, A.; Tabassum, D.P.;
Zak, A.; Flacker, M.J.; et al. Somatic cell fusions reveal extensive heterogeneity in basal-like breast cancer.
Cell Rep. 2015, 11, 1549–1563. [CrossRef]

54. Nygren, J.M.; Liuba, K.; Breitbach, M.; Stott, S.; Thoren, L.; Roell, W.; Geisen, C.; Sasse, P.; Kirik, D.; Bjorklund, A.;
et al. Myeloid and lymphoid contribution to non-haematopoietic lineages through irradiation-induced heterotypic
cell fusion. Nat. Cell Biol. 2008, 10, 584–592. [CrossRef] [PubMed]

55. Quintana-Bustamante, O.; Alvarez-Barrientos, A.; Kofman, A.V.; Fabregat, I.; Bueren, J.A.; Theise, N.D.;
Segovia, J.C. Hematopoietic mobilization in mice increases the presence of bone marrow-derived hepatocytes
via in vivo cell fusion. Hepatology 2006, 43, 108–116. [CrossRef] [PubMed]

56. Spees, J.L.; Olson, S.D.; Ylostalo, J.; Lynch, P.J.; Smith, J.; Perry, A.; Peister, A.; Wang, M.Y.; Prockop, D.J.
Differentiation, cell fusion, and nuclear fusion during ex vivo repair of epithelium by human adult stem
cells from bone marrow stroma. Proc. Natl. Acad. Sci. USA. 2003, 100, 2397–2402. [CrossRef] [PubMed]

57. Vassilopoulos, G.; Wang, P.R.; Russell, D.W. Transplanted bone marrow regenerates liver by cell fusion.
Nature 2003, 422, 901–904. [CrossRef]

58. Wang, X.; Willenbring, H.; Akkari, Y.; Torimaru, Y.; Foster, M.; Al-Dhalimy, M.; Lagasse, E.; Finegold, M.;
Olson, S.; Grompe, M. Cell fusion is the principal source of bone-marrow-derived hepatocytes. Nature 2003,
422, 897–901. [CrossRef] [PubMed]

59. Alvarez-Dolado, M.; Pardal, R.; Garcia-Verdugo, J.M.; Fike, J.R.; Lee, H.O.; Pfeffer, K.; Lois, C.; Morrison, S.J.;
Alvarez-Buylla, A. Fusion of bone-marrow-derived cells with purkinje neurons, cardiomyocytes and
hepatocytes. Nature 2003, 425, 968–973. [CrossRef]

60. Johansson, C.B.; Youssef, S.; Koleckar, K.; Holbrook, C.; Doyonnas, R.; Corbel, S.Y.; Steinman, L.;
Rossi, F.M.; Blau, H.M. Extensive fusion of haematopoietic cells with purkinje neurons in response to
chronic inflammation. Nat. Cell Biol. 2008, 10, 575–583. [CrossRef]

61. LaBarge, M.A.; Blau, H.M. Biological progression from adult bone marrow to mononucleate muscle stem
cell to multinucleate muscle fiber in response to injury. Cell 2002, 111, 589–601. [CrossRef]

62. Skinner, A.M.; Grompe, M.; Kurre, P. Intra-hematopoietic cell fusion as a source of somatic variation in the
hematopoietic system. J. Cell Sci. 2012, 125, 2837–2843. [CrossRef]

63. Rizvi, A.Z.; Swain, J.R.; Davies, P.S.; Bailey, A.S.; Decker, A.D.; Willenbring, H.; Grompe, M.; Fleming, W.H.;
Wong, M.H. Bone marrow-derived cells fuse with normal and transformed intestinal stem cells. Proc. Natl.
Acad. Sci. USA. 2006, 103, 6321–6325. [CrossRef] [PubMed]

64. Cirello, V.; Fugazzola, L. Novel insights into the link between fetal cell microchimerism and maternal cancers.
J. Cancer Res. Clin. Oncol. 2016, 142, 1697–1704. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12964-018-0279-1
http://www.ncbi.nlm.nih.gov/pubmed/30316300
http://dx.doi.org/10.1186/s12964-016-0143-0
http://www.ncbi.nlm.nih.gov/pubmed/27608835
http://dx.doi.org/10.1073/pnas.0900108106
http://dx.doi.org/10.1038/srep36863
http://dx.doi.org/10.1096/fj.15-271098
http://dx.doi.org/10.1186/s12885-017-3509-9
http://dx.doi.org/10.1186/1478-811X-10-10
http://dx.doi.org/10.1016/j.celrep.2015.05.011
http://dx.doi.org/10.1038/ncb1721
http://www.ncbi.nlm.nih.gov/pubmed/18425115
http://dx.doi.org/10.1002/hep.21005
http://www.ncbi.nlm.nih.gov/pubmed/16374873
http://dx.doi.org/10.1073/pnas.0437997100
http://www.ncbi.nlm.nih.gov/pubmed/12606728
http://dx.doi.org/10.1038/nature01539
http://dx.doi.org/10.1038/nature01531
http://www.ncbi.nlm.nih.gov/pubmed/12665832
http://dx.doi.org/10.1038/nature02069
http://dx.doi.org/10.1038/ncb1720
http://dx.doi.org/10.1016/S0092-8674(02)01078-4
http://dx.doi.org/10.1242/jcs.100123
http://dx.doi.org/10.1073/pnas.0508593103
http://www.ncbi.nlm.nih.gov/pubmed/16606845
http://dx.doi.org/10.1007/s00432-015-2110-3
http://www.ncbi.nlm.nih.gov/pubmed/26746656


Cells 2019, 8, 132 15 of 17

65. Mi, R.; Pan, C.; Bian, X.; Song, L.; Tian, W.; Cao, F.; Yin, J.; Peng, H.; Ma, J. Fusion between tumor cells enhances
melanoma metastatic potential. J. Cancer Res. Clin. Oncol. 2012, 138, 1651–1658. [CrossRef] [PubMed]

66. Miller, F.R.; McInerney, D.; Rogers, C.; Miller, B.E. Spontaneous fusion between metastatic mammary tumor
subpopulations. J. Cell. Biochem. 1988, 36, 129–136. [CrossRef] [PubMed]

67. Miller, F.R.; Mohamed, A.N.; McEachern, D. Production of a more aggressive tumor cell variant by
spontaneous fusion of two mouse tumor subpopulations. Cancer Res. 1989, 49, 4316–4321. [PubMed]

68. Islam, M.Q.; Meirelles Lda, S.; Nardi, N.B.; Magnusson, P.; Islam, K. Polyethylene glycol-mediated fusion
between primary mouse mesenchymal stem cells and mouse fibroblasts generates hybrid cells with increased
proliferation and altered differentiation. Stem Cells Dev. 2006, 15, 905–919. [CrossRef] [PubMed]

69. Zhang, L.N.; Kong, C.F.; Zhao, D.; Cong, X.L.; Wang, S.S.; Ma, L.; Huang, Y.H. Fusion with mesenchymal
stem cells differentially affects tumorigenic and metastatic abilities of lung cancer cells. J. Cell. Physiol. 2018.
[CrossRef]

70. Fan, H.; Lu, S. Fusion of human bone hemopoietic stem cell with esophageal carcinoma cells didn’t generate
esophageal cancer stem cell. Neoplasma 2014, 61, 540–545. [CrossRef]

71. Bertone, G. The moment of truth for wimp dark matter. Nature 2010, 468, 389–393. [CrossRef]
72. Dark Matter. Available online: https://home.cern/science/physics/dark-matter. (accessed on 6 February 2019).
73. Ross, J.L. The dark matter of biology. Biophys. J. 2016, 111, 909–916. [CrossRef]
74. Scarpa, A.; Mafficini, A. Non-coding regulatory variations: The dark matter of pancreatic cancer genomics.

Gut 2018, 67, 399–400. [CrossRef] [PubMed]
75. Larizza, L.; Schirrmacher, V. Somatic cell fusion as a source of genetic rearrangement leading to metastatic

variants. Cancer Metastasis Rev. 1984, 3, 193–222. [CrossRef] [PubMed]
76. Zhou, X.; Merchak, K.; Lee, W.; Grande, J.P.; Cascalho, M.; Platt, J.L. Cell fusion connects oncogenesis with

tumor evolution. Am. J. Pathol. 2015, 185, 2049–2060. [CrossRef]
77. Bjerkvig, R.; Tysnes, B.B.; Aboody, K.S.; Najbauer, J.; Terzis, A.J. Opinion: The origin of the cancer stem cell:

Current controversies and new insights. Nat. Rev. Cancer 2005, 5, 899–904. [CrossRef] [PubMed]
78. Grigsby, R.V.; Fairbairn, D.; O’Neill, K.L. Differential DNA damage detected in hybridomas. Hybridoma 1993,

12, 755–761. [CrossRef] [PubMed]
79. Dittmar, T.; Zanker, K.S. Tissue regeneration in the chronically inflamed tumor environment: Implications for cell

fusion driven tumor progression and therapy resistant tumor hybrid cells. Int. J. Mol. Sci. 2015, 16, 30362–30381.
[CrossRef] [PubMed]

80. Kolodner, R.D.; Cleveland, D.W.; Putnam, C.D. Cancer. Aneuploidy drives a mutator phenotype in cancer.
Science 2011, 333, 942–943. [CrossRef]

81. Loeb, L.A. Human cancers express mutator phenotypes: Origin, consequences and targeting. Nat. Rev. Cancer 2011,
11, 450–457. [CrossRef]

82. Stratton, M.R.; Campbell, P.J.; Futreal, P.A. The cancer genome. Nature 2009, 458, 719–724. [CrossRef]
83. Lengauer, C.; Kinzler, K.W.; Vogelstein, B. Genetic instabilities in human cancers. Nature 1998, 396, 643–649.

[CrossRef]
84. Albertson, T.M.; Ogawa, M.; Bugni, J.M.; Hays, L.E.; Chen, Y.; Wang, Y.; Treuting, P.M.; Heddle, J.A.;

Goldsby, R.E.; Preston, B.D. DNA polymerase epsilon and delta proofreading suppress discrete mutator and
cancer phenotypes in mice. Proc. Natl. Acad. Sci. USA. 2009, 106, 17101–17104. [CrossRef] [PubMed]

85. Duesberg, P.; Rasnick, D.; Li, R.; Winters, L.; Rausch, C.; Hehlmann, R. How aneuploidy may cause cancer
and genetic instability. Anticancer Res. 1999, 19, 4887–4906. [PubMed]

86. Duesberg, P.; Rausch, C.; Rasnick, D.; Hehlmann, R. Genetic instability of cancer cells is proportional to their
degree of aneuploidy. Proc Natl Acad Sci USA 1998, 95, 13692–13697. [CrossRef] [PubMed]

87. Li, R.; Sonik, A.; Stindl, R.; Rasnick, D.; Duesberg, P. Aneuploidy versus gene mutation hypothesis of cancer: Recent
study claims mutation, but is found to support aneuploidy. Proc. Natl. Acad. Sci. USA 2000, 97, 3236–3241. [CrossRef]
[PubMed]

88. Boveri, T. Zur frage der entstehung maligner tumoren. Gustav Fischer Verlag: Jena, Germany, 1914.
89. Hansemann, D. Ueber asymmetrische zelltheilung in epithelkrebsen und deren biologische bedeutung.

Virchows Arch. Pathol. Anat. 1890, 119, 299–326. [CrossRef]
90. Hanks, S.; Coleman, K.; Reid, S.; Plaja, A.; Firth, H.; Fitzpatrick, D.; Kidd, A.; Mehes, K.; Nash, R.; Robin, N.

Constitutional aneuploidy and cancer predisposition caused by biallelic mutations in bub1b. Nat. Genet.
2004, 36, 1159–1161. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00432-012-1242-y
http://www.ncbi.nlm.nih.gov/pubmed/22622656
http://dx.doi.org/10.1002/jcb.240360204
http://www.ncbi.nlm.nih.gov/pubmed/3356752
http://www.ncbi.nlm.nih.gov/pubmed/2743319
http://dx.doi.org/10.1089/scd.2006.15.905
http://www.ncbi.nlm.nih.gov/pubmed/17253952
http://dx.doi.org/10.1002/jcp.27011
http://dx.doi.org/10.4149/neo_2014_066
http://dx.doi.org/10.1038/nature09509
https://home.cern/science/physics/dark-matter.
http://dx.doi.org/10.1016/j.bpj.2016.07.037
http://dx.doi.org/10.1136/gutjnl-2017-314310
http://www.ncbi.nlm.nih.gov/pubmed/28659348
http://dx.doi.org/10.1007/BF00048385
http://www.ncbi.nlm.nih.gov/pubmed/6388823
http://dx.doi.org/10.1016/j.ajpath.2015.03.014
http://dx.doi.org/10.1038/nrc1740
http://www.ncbi.nlm.nih.gov/pubmed/16327766
http://dx.doi.org/10.1089/hyb.1993.12.755
http://www.ncbi.nlm.nih.gov/pubmed/8288274
http://dx.doi.org/10.3390/ijms161226240
http://www.ncbi.nlm.nih.gov/pubmed/26703575
http://dx.doi.org/10.1126/science.1211154
http://dx.doi.org/10.1038/nrc3063
http://dx.doi.org/10.1038/nature07943
http://dx.doi.org/10.1038/25292
http://dx.doi.org/10.1073/pnas.0907147106
http://www.ncbi.nlm.nih.gov/pubmed/19805137
http://www.ncbi.nlm.nih.gov/pubmed/10697602
http://dx.doi.org/10.1073/pnas.95.23.13692
http://www.ncbi.nlm.nih.gov/pubmed/9811862
http://dx.doi.org/10.1073/pnas.97.7.3236
http://www.ncbi.nlm.nih.gov/pubmed/10725343
http://dx.doi.org/10.1007/BF01882039
http://dx.doi.org/10.1038/ng1449
http://www.ncbi.nlm.nih.gov/pubmed/15475955


Cells 2019, 8, 132 16 of 17

91. Solomon, D.A.; Kim, T.; Diaz-Martinez, L.A.; Fair, J.; Elkahloun, A.G.; Harris, B.T.; Toretsky, J.A.; Rosenberg, S.A.;
Shukla, N.; Ladanyi, M.; et al. Mutational inactivation of stag2 causes aneuploidy in human cancer. Science 2011,
333, 1039–1043. [CrossRef] [PubMed]

92. Sotillo, R.; Hernando, E.; Diaz-Rodriguez, E.; Teruya-Feldstein, J.; Cordon-Cardo, C.; Lowe, S.W.; Benezra, R.
Mad2 overexpression promotes aneuploidy and tumorigenesis in mice. Cancer Cell 2007, 11, 9–23. [CrossRef]

93. Li, R.; Yerganian, G.; Duesberg, P.; Kraemer, A.; Willer, A.; Rausch, C.; Hehlmann, R. Aneuploidy correlated
100% with chemical transformation of chinese hamster cells. Proc. Natl. Acad. Sci. USA. 1997, 94, 14506–14511.
[CrossRef]

94. Sheltzer, J.M.; Blank, H.M.; Pfau, S.J.; Tange, Y.; George, B.M.; Humpton, T.J.; Brito, I.L.; Hiraoka, Y.; Niwa, O.;
Amon, A. Aneuploidy drives genomic instability in yeast. Science 2011, 333, 1026–1030. [CrossRef]

95. Duncan, A.W.; Hickey, R.D.; Paulk, N.K.; Culberson, A.J.; Olson, S.B.; Finegold, M.J.; Grompe, M. Ploidy
reductions in murine fusion-derived hepatocytes. PLoS Genet. 2009, 5, e1000385. [CrossRef]

96. Duncan, A.W.; Taylor, M.H.; Hickey, R.D.; Hanlon Newell, A.E.; Lenzi, M.L.; Olson, S.B.; Finegold, M.J.; Grompe, M.
The ploidy conveyor of mature hepatocytes as a source of genetic variation. Nature 2010, 467, 707–710. [CrossRef]
[PubMed]

97. Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability.
Nature 2009, 460, 278–282. [CrossRef] [PubMed]

98. Godinho, S.A.; Kwon, M.; Pellman, D. Centrosomes and cancer: How cancer cells divide with too many
centrosomes. Cancer Metastasis Rev. 2009, 28, 85–98. [CrossRef] [PubMed]

99. Burrell, R.A.; McClelland, S.E.; Endesfelder, D.; Groth, P.; Weller, M.C.; Shaikh, N.; Domingo, E.; Kanu, N.;
Dewhurst, S.M.; Gronroos, E. Replication stress links structural and numerical cancer chromosomal instability.
Nature 2013, 494, 492–496. [CrossRef] [PubMed]

100. Janssen, A.; van der Burg, M.; Szuhai, K.; Kops, G.J.; Medema, R.H. Chromosome segregation errors as a
cause of DNA damage and structural chromosome aberrations. Science 2011, 333, 1895–1898. [CrossRef]
[PubMed]

101. Ly, P.; Cleveland, D.W. Rebuilding chromosomes after catastrophe: Emerging mechanisms of chromothripsis.
Trends Cell Biol. 2017, 27, 917–930. [CrossRef]

102. Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound
healing. N. Engl. J. Med. 1986, 315, 1650–1659.

103. Davies, P.S.; Powell, A.E.; Swain, J.R.; Wong, M.H. Inflammation and proliferation act together to mediate
intestinal cell fusion. PLoS ONE 2009, 4, e6530. [CrossRef]

104. Mohr, M.; Tosun, S.; Arnold, W.H.; Edenhofer, F.; Zanker, K.S.; Dittmar, T. Quantification of cell fusion events
human breast cancer cells and breast epithelial cells using a cre-loxp-based double fluorescence reporter
system. Cell. Mol. Life Sci. 2015, 72, 3769–3782. [CrossRef]

105. Hotokezaka, H.; Sakai, E.; Ohara, N.; Hotokezaka, Y.; Gonzales, C.; Matsuo, K.; Fujimura, Y.; Yoshida, N.;
Nakayama, K. Molecular analysis of rankl-independent cell fusion of osteoclast-like cells induced by
tnf-alpha, lipopolysaccharide, or peptidoglycan. J. Cell. Biochem. 2007, 101, 122–134. [CrossRef] [PubMed]

106. Skokos, E.A.; Charokopos, A.; Khan, K.; Wanjala, J.; Kyriakides, T.R. Lack of tnf-alpha-induced mmp-9
production and abnormal e-cadherin redistribution associated with compromised fusion in mcp-1-null
macrophages. Am. J. Pathol. 2011, 178, 2311–2321. [CrossRef] [PubMed]

107. Weiler, J.; Mohr, M.; Zanker, K.S.; Dittmar, T. Matrix metalloproteinase-9 (mmp9) is involved in the
tnf-alpha-induced fusion of human m13sv1-cre breast epithelial cells and human mda-mb-435-pfdr1 cancer
cells. Cell Commun Signal 2018, 16, 14. [CrossRef]

108. Yan, T.L.; Wang, M.; Xu, Z.; Huang, C.M.; Zhou, X.C.; Jiang, E.H.; Zhao, X.P.; Song, Y.; Song, K.; Shao, Z.; et al.
Up-regulation of syncytin-1 contributes to tnf-alpha-enhanced fusion between oscc and huvecs partly via
wnt/beta-catenin-dependent pathway. Sci. Rep. 2017, 7, 40983. [CrossRef] [PubMed]

109. Terada, N.; Hamazaki, T.; Oka, M.; Hoki, M.; Mastalerz, D.M.; Nakano, Y.; Meyer, E.M.; Morel, L.;
Petersen, B.E.; Scott, E.W. Bone marrow cells adopt the phenotype of other cells by spontaneous cell
fusion. Nature 2002, 416, 542–545. [CrossRef] [PubMed]

110. Willenbring, H.; Bailey, A.S.; Foster, M.; Akkari, Y.; Dorrell, C.; Olson, S.; Finegold, M.; Fleming, W.H.; Grompe, M.
Myelomonocytic cells are sufficient for therapeutic cell fusion in liver. Nat. Med. 2004, 10, 744–748. [CrossRef]

111. Dittmar, T.; Nagler, C.; Niggemann, B.; Zänker, K.S. The dark side of stem cells: Triggering cancer progression
by cell fusion. Curr. Mol. Med. 2013, 13, 735–750. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1203619
http://www.ncbi.nlm.nih.gov/pubmed/21852505
http://dx.doi.org/10.1016/j.ccr.2006.10.019
http://dx.doi.org/10.1073/pnas.94.26.14506
http://dx.doi.org/10.1126/science.1206412
http://dx.doi.org/10.1371/journal.pgen.1000385
http://dx.doi.org/10.1038/nature09414
http://www.ncbi.nlm.nih.gov/pubmed/20861837
http://dx.doi.org/10.1038/nature08136
http://www.ncbi.nlm.nih.gov/pubmed/19506557
http://dx.doi.org/10.1007/s10555-008-9163-6
http://www.ncbi.nlm.nih.gov/pubmed/19156503
http://dx.doi.org/10.1038/nature11935
http://www.ncbi.nlm.nih.gov/pubmed/23446422
http://dx.doi.org/10.1126/science.1210214
http://www.ncbi.nlm.nih.gov/pubmed/21960636
http://dx.doi.org/10.1016/j.tcb.2017.08.005
http://dx.doi.org/10.1371/journal.pone.0006530
http://dx.doi.org/10.1007/s00018-015-1910-6
http://dx.doi.org/10.1002/jcb.21167
http://www.ncbi.nlm.nih.gov/pubmed/17171644
http://dx.doi.org/10.1016/j.ajpath.2011.01.045
http://www.ncbi.nlm.nih.gov/pubmed/21514443
http://dx.doi.org/10.1186/s12964-018-0226-1
http://dx.doi.org/10.1038/srep40983
http://www.ncbi.nlm.nih.gov/pubmed/28112190
http://dx.doi.org/10.1038/nature730
http://www.ncbi.nlm.nih.gov/pubmed/11932747
http://dx.doi.org/10.1038/nm1062
http://dx.doi.org/10.2174/1566524011313050005
http://www.ncbi.nlm.nih.gov/pubmed/23642055


Cells 2019, 8, 132 17 of 17

112. Duelli, D.; Lazebnik, Y. Cell fusion: A hidden enemy? Cancer Cell 2003, 3, 445–448. [CrossRef]
113. Hosseini, H.; Obradovic, M.M.; Hoffmann, M.; Harper, K.L.; Sosa, M.S.; Werner-Klein, M.; Nanduri, L.K.;

Werno, C.; Ehrl, C.; Maneck, M.; et al. Early dissemination seeds metastasis in breast cancer. Nature 2016.
[CrossRef]

114. Husemann, Y.; Geigl, J.B.; Schubert, F.; Musiani, P.; Meyer, M.; Burghart, E.; Forni, G.; Eils, R.; Fehm, T.;
Riethmuller, G.; et al. Systemic spread is an early step in breast cancer. Cancer Cell 2008, 13, 58–68. [CrossRef]

115. Eyles, J.; Puaux, A.L.; Wang, X.; Toh, B.; Prakash, C.; Hong, M.; Tan, T.G.; Zheng, L.; Ong, L.C.; Jin, Y.; et al.
Tumor cells disseminate early, but immunosurveillance limits metastatic outgrowth, in a mouse model of
melanoma. J. Clin. Invest. 2010, 120, 2030–2039. [CrossRef] [PubMed]

116. Rhim, A.D.; Mirek, E.T.; Aiello, N.M.; Maitra, A.; Bailey, J.M.; McAllister, F.; Reichert, M.; Beatty, G.L.;
Rustgi, A.K.; Vonderheide, R.H.; et al. Emt and dissemination precede pancreatic tumor formation. Cell 2012,
148, 349–361. [CrossRef] [PubMed]

117. Varga, J.; De Oliveira, T.; Greten, F.R. The architect who never sleeps: Tumor-induced plasticity. FEBS Lett.
2014, 588, 2422–2427. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1535-6108(03)00114-4
http://dx.doi.org/10.1038/nature20785
http://dx.doi.org/10.1016/j.ccr.2007.12.003
http://dx.doi.org/10.1172/JCI42002
http://www.ncbi.nlm.nih.gov/pubmed/20501944
http://dx.doi.org/10.1016/j.cell.2011.11.025
http://www.ncbi.nlm.nih.gov/pubmed/22265420
http://dx.doi.org/10.1016/j.febslet.2014.06.019
http://www.ncbi.nlm.nih.gov/pubmed/24931375
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	What Would be Ideal Markers to Distinguish between TN-Hybrid Cells and Nonhybridized Tumor Cells? 
	Invisible or Dark Matter Hybrid Cells 
	Cell Fusion Is a 4D Process 
	How Many TN-Hybrid Cells are Needed for Tumor Progression? 
	Conclusions 
	References

