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Abstract: The biological phenomenon of cell fusion plays a crucial role in several physiological
processes, including wound healing and tissue regeneration. Here, it is assumed that bone
marrow-derived stem cells (BMSCs) could adopt the specific properties of a different organ
by cell fusion, thereby restoring organ function. Cell fusion first results in the production of
bi- or multinucleated hybrid cells, which either remain as heterokaryons or undergo ploidy
reduction/heterokaryon-to-synkaryon transition (HST), thereby giving rise to mononucleated daughter
cells. This process is characterized by a merging of the chromosomes from the previously discrete
nuclei and their subsequent random segregation into daughter cells. Due to extra centrosomes
concomitant with multipolar spindles, the ploidy reduction/HST could also be associated with
chromosome missegregation and, hence, induction of aneuploidy, genomic instability, and even
putative chromothripsis. However, while the majority of such hybrids die or become senescent,
aneuploidy and genomic instability appear to be tolerated in hepatocytes, possibly for stress-related
adaption processes. Likewise, cell fusion-induced aneuploidy and genomic instability could also lead
to a malignant conversion of hybrid cells. This can occur during tissue regeneration mediated by
BMSC fusion in chronically inflamed tissue, which is a cell fusion-friendly environment, but is also
enriched for mutagenic reactive oxygen and nitrogen species.
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1. Introduction

Approximately 20 years ago, the first papers were published demonstrating that bone
marrow-derived stem cells (BMSCs), such as mesenchymal stem/stromal cells (MSCs) and hematopoietic
stem cells (HSCs), possess a certain degree of plasticity/pluripotency and could be functionally
differentiated into hepatocytes [1–7], neurons [6,8–12], cardiomyocytes [6,13,14], skeletal muscle [15–17],
intestinal cells [18–20] or insulin-producing cells [21]. Even though it is currently known that BMSCs
are not pluripotent, as they were originally thought to be, these findings raised great expectations at that
time regarding their use in future tissue regeneration strategies [22,23]. Data showed that BMSCs could
transdifferentiate into functional organ cells in accordance with the blueprint provided by the target
tissue [24,25], suggesting that BMSCs could be simply administered to the desired tissue, and then
regeneration would run in a self-autonomous way. More thorough analyses finally revealed that
transdifferentiation of BMSCs (and other stem cells) could be either induced by soluble factors secreted
by cells [2,26,27] or could be due to the biological phenomenon of cell fusion [4–8,10,12,18,20,28–33].
In particular, the finding that stem cells could adopt the properties of foreign tissue cells by merging
with them was confusing. This referred not only to the process of cell fusion itself, which to date
is still not well understood but also to the fate of the hybrid cells that were originated. It is well
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known that bi- or multinucleated hybrid cells (so-called heterokaryons), such as osteoclasts, myofibers,
and syncytiotrophoblasts, originate first from such cell fusion events, and then remain stable as
heterokaryons in the body [34,35]. In fact, bi- and multinucleated heterokaryons were found in
BMSCs that regenerated Purkinje neurons in the brain [6,8,10], and they also found in regenerated
myocytes [10], cardiomyocytes [6], and hepatocytes [5–7]. However, it is also well known that bi-
and multinucleated hybrid cells can undergo ploidy reduction/ heterokaryon-to-synkaryon transition
(HST), thereby giving rise to mono- and binucleated cells [36–42]. Indeed, BMSC-derived mononuclear
cells were found in regenerated tissue, which were positive for both donor and recipient markers,
indicating that such cells have truly originated from cell fusion [18,29,43,44]. However, the mechanism
of ploidy reduction/HST is complex and still not well understood. Ploidy reduction/HST of hybrid cells
could either result in daughter cells with a normal diploid karyotype [37,42] or in aneuploid daughter
cells that are genomically unstable [7,36,39,45–48]. Likewise, the fate of (cell fusion-derived) aneuploid
and genomically unstable cells is not yet clear. Induction of aneuploidy and genomic instability is
commonly associated with cell death or senescence (for review see [47]), but data from BMSC-derived
hepatocytes revealed that aneuploidy and genomic instability is tolerated in this cell type and might
even be beneficial for stress-related adaptation and regeneration processes [36,39,40,49–51]. In contrast,
a few studies have been published indicating that cell fusion might also result in the origin of neoplastic
cells due to the induction of aneuploidy and genomic instability [52–54].

In the present review, we will summarize and discuss the role of cell fusion as an inducer of
polyploidy and aneuploidy and the fate of such cell fusion-derived cells.

2. How Do Cells Fuse with Each Other?

Although different physiological processes, such as fertilization, placentation, myogenesis,
osteoclastogenesis, and tissue regeneration, depend on cell fusion, the mechanism by which two
(or more) cells hybridize is still not well understood [34,35,55–57]. On the one hand, cell fusion
is a tightly regulated process that can be subdivided into five steps: (i) priming, (ii) chemotaxis,
(iii) adhesion, (iv) fusion, and (v) postfusion [58]. Cells are not fusogenic per se, so they have to adopt
a pro-fusogenic state first in order to fuse with other cells (“priming”). Subsequently, they have to
get in close contact with each other (“chemotaxis” and “adhesion”) before they can merge plasma
membranes (“fusion”). Finally, they have to return to a non-fusogenic state after the fusion process
(“post-fusion”). Several proteins, such as chemokines, cytokines, proteases, adhesion molecules,
transmembrane proteins or proteins that are mandatory for actin remodeling, have been identified so
far that mediate distinct steps in this cell fusion cascade. However, it remains to be elucidated how
cytokines, such as interleukin-4 (IL-4) or receptor activator of NF-κB ligand (RANKL), or proteases,
such as matrix metallopeptidase 9 (MMP-9), are exactly involved in the process of cell fusion (for review
see [34,35,58]).

In addition, different cell fusion mechanisms have been developed during evolution. For instance,
the fusion of trophoblasts to syncytiotrophoblasts is chiefly regulated by Syncytin-1 and -2, which are
transmembrane proteins of retroviral origin [59,60]. Syncytin-1 and -2 are still the best characterized
cell fusion mediating proteins in humans, and they might also be involved in human osteoclast
fusion [61] and in the fusion of cancer cells with endothelial cells [62,63] or mesenchymal stem
cells [64]. In contrast, fusion of myoblasts to multinucleated myofibers depends on remodeling of
the actin cytoskeleton and formation of podosome-like structures, which penetrate the target cell,
thereby causing the merging of plasma membranes [65,66]. Likewise, several proteins, such as MMP-9,
E-Cadherin, Syncytin-1, CD200, dendrocyte expressed seven transmembrane protein (DC-STAMP),
osteoclast stimulatory transmembrane protein (OC-STAMP), CD44, and P2X7, have been identified
that play a role in macrophage fusion (for review see: [34,35,57]). It is also known that the expression of
these proteins is induced by cytokines, such as IL-4 and RANKL [67–71], suggesting that these factors
are likely involved in the transition of macrophages from a non-fusogenic to a pro-fusogenic state.
Nonetheless, the detailed process of macrophage fusion remains unclear.



Int. J. Mol. Sci. 2020, 21, 1811 3 of 14

Numerous studies further showed that the frequency of cell fusion events was increased upon
acute tissue damage or chronic inflammation [7,12,18,32,63,64,72–75], which is plausible with regard
to efficient BMSC-based and cell fusion-mediated tissue regeneration. BMSCs not only have to
be converted into a pro-fusogenic state for subsequent hybridization with target cells but also
have to be recruited to the site of tissue damage. In this context, it has been shown that the
pro-inflammatory cytokine tumor necrosis factor-α (TNF-α) might also be a mediator of cell fusion.
Osteoclastogenesis [70,74,75], as well as the fusion of cancer cells with endothelial cells [63,76],
mesenchymal stem cells [64], or breast epithelial cells [72,73,77] can be induced by TNF-α. Some data
revealed that TNF-α could mediate fusion due to induction of MMP-9 expression [73,75], which plays a
role in osteoclastogenesis and giant cell formation [75,78]. Hence, it might be assumed that TNF-α could
be involved in cell fusion due to induction of pro-fusogenic proteins and/or in an overall conversion of
cells into a pro-fusogenic state.

In addition to inflammation-induced BMSC-based cell fusion events, two studies revealed
that cell fusion events could also occur in the absence of tissue damage and inflammation [18,42].
Using a parabiotic model (a green fluorescent protein (GFP) mouse and a ROSA/β-gal mouse were
surgically joined), administration of an anti-inflammatory drug cocktail was found to promote cell
fusion-derived GFP/β-Gal positive cells, which were found in approximately 5% of the intestinal
crypts of ROSA/β-Gal mice [18]. Likewise, noninflammation-related fusion events were found with
a frequency of approximately 0.03 to 0.21% in the murine hematopoietic system [42]. Interestingly,
examination of donor and host autosomal reporter genes (hCD46, mX, CD45.2, GFP, mY, and CD45.1)
revealed independent segregation of alleles in more than half of the fusion products, and a loss of
parental markers was even observed in some cells [42]. However, despite these genetic changes, neither
lineage restriction nor malignant conversion of hematopoietic cells was observed [42]. Whether this
indicates that hematopoietic cells might be more tolerant to limited chromosomal sequence gains than
other cells [42] remains to be elucidated.

Both viruses and exomes have also been associated with cell fusion [53,79–81]. In vitro and
in vivo studies demonstrated that enveloped and non-enveloped viruses could cause cell fusion
(so-called fusogenic viruses), thereby giving rise to bi- and multinucleated heterokaryons (a detailed
overview of fusogenic viruses is found here [82]). Enveloped viruses, such as HIV, influenza virus
or herpesvirus, fuse with the plasma membrane of host cells (for review see [81]) and could cause
cell hybridization by acting as bridging particles. For instance, hybridomas derived from plasma
cells and myeloma cells were initially generated by using inactivated Sendai virus as a fusogen [83],
which has the ability to induce bi- and multinucleated cell formation in vitro and in vivo [84]. Likewise,
virus-infected cells could also fuse with other cells due to the expression of viral-derived fusogenic
proteins. The nonenveloped fusogenic avian and Nelson Bay reoviruses could induce cell fusion via
the expression of so-called fusion-associated small transmembrane (FAST) proteins that are localized
in the plasma membrane of infected cells [85]. Binucleated cell formation by fusion was also induced
by the human papillomavirus 16 oncogene E5 [86].

Exosomes are a type of extracellular vesicle with a diameter of less than 100 nm, and they originate
from the invagination of the lipid bilayer of multivesicular bodies in cells (for review see [87,88]).
They typically contain tetraspanins (CD9, CD63, CD81, and CD82), heat shock proteins (HSC20, HSP60,
HSP70, and HSP909), MHC-I and MHC-II, cell adhesion molecules (P-Selectin, αβ-integrins and
annexins), and significant amounts of mRNA, miRNA, and lncRNA (for review see [87,88]). Exosomes
play a crucial role in intercellular communication and the regulation of different physiological and
pathophysiological conditions, whereby their payload could be delivered to target cells by endocytosis,
phagocytosis or membrane fusion [88]. Duelli and colleagues demonstrated that exosomes isolated
from virus-infected cells contained viral proteins and exhibited fusogenic properties, suggesting a
possible role in cell fusion [53]. Miyado et al. further showed that exosomes might be involved in cell
fusion by showing that sperm-egg fusion is mediated by vesicles containing CD9 that are released from
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the egg and interact with sperm [89]. Because CD9 is a major component of exosomes, the authors
concluded that this type of extracellular vesicle was released to mediate fertilization [89].

In brief, cell fusion is a tightly regulated but not yet fully understood process. Inflammation can
induce cell fusion, which would be necessary for rapid and efficient BMSC-based tissue regeneration.
However, cell fusion could also occur spontaneously after being triggered by viruses and/or exosomes.

3. Cell Fusion as an Inducer of Polyploidy, Aneuploidy, and Genomic Instability

Cell fusion first results in the origin of bi- and multinucleated heterokaryons, which can remain
stable in this polyploid state, as is seen in osteoclasts, syncytiotrophoblasts, and myofibers [34,35].
However, some heterokaryons can undergo ploidy reduction/HST, thereby giving rise to synkaryons
or binucleated daughter cells [36–42]. It is known that proliferation and resolution of the nuclear
membranes are prerequisites for ploidy reduction/HST and subsequent segregation of chromosomes
to daughter cells. Frade and colleagues demonstrated that “controlled” and “uncontrolled” ploidy
reduction/HST could occur in fusion-derived tetraploid cells [37]. Therefore, daughter cells with a
2n karyotype that had the same genome as the parental cells were derived from “controlled” ploidy
reduction/HST, whereas “uncontrolled” ploidy reduction/HST gave rise to daughter cells with a 2n
karyotype that is a mix of both fusion partners [37]. Uncontrolled ploidy reduction/HST was also
observed in hybrid cells derived from intrahematopoietic cell fusion events [42]. However, in contrast
to these findings, other studies revealed that ploidy reduction/HST were associated with chromosome
missegregation and induction of aneuploidy [7,36,39,52,54,90]. In addition to karyotypes predicted
to result from a fusion between a diploid donor cell and diploid host cells (80,XXYY) or a diploid
blood cell and a tetraploid hepatocyte (120,XXXXYY), many aneuploid karyotypes consisting of
various combinations of autosomes and sex chromosomes were found in BMSC-derived liver cells [7].
A thorough analysis revealed that a variety of bipolar, tripolar, and double mitoses concomitant
with lagging chromosomes occurred in individual BMSC-derived hepatocytes, which resulted in
mononucleated, binucleated and aneuploid daughter cells [39]. Therefore, several gains and losses of
whole chromosomes were found in BMSC-derived aneuploid hepatocytes [39].

Ploidy reduction/HST that was accompanied by induction of aneuploidy was also observed in
cell fusion-derived HeLa cell hybrids and rat intestinal epithelial cell hybrids [54]. Tripolar mitosis
was observed in a hybrid cell that was derived from HeLa cells with either green- or red-labeled
chromosomes [54]. Thereby, time-lapse images showed that green and red labeled chromosomes were
randomly segregated, which resulted in three mononuclear daughter cells with a mixed green and
red karyotype [54]. Moreover, rat epithelial cell hybrids with a near triploid or tetraploid karyotype
became near diploid with repeated passages [54]. Whether this occurred because of additional ploidy
reduction/HST or other mechanisms in these hybrids remains unclear. In any case, metaphase spreads
as well as γ-H2AX staining revealed an increased frequency of DNA damage, including Robertsonian
translocations, in these hybrids [54]. Moreover, animal studies revealed that some hybrids were
capable of inducing tumors, indicating that these cells had undergone malignant transformation [54].
An increased frequency of chromosomal aberrations, such as gains, losses and translocations, was also
observed in highly aneuploid and tumorigenic hybrids that were derived from virus-mediated cell
fusion events of normal fibroblasts with a diploid karyotype [90]. Likewise, highly aneuploid and
genomic instable hybrid clones originated from fusion events between IMR90 E6-E7-HRASG12V-CFP
(R-CFP) fibroblasts with IMR90 E6-E7-SmallT-hTERT-DsRed (ST-DsRed) fibroblasts [52]. Copy number
variation and allele frequency analyses as well as multicolor metaphase spreads revealed a rearranged
genome in hybrid cells, including gains, losses and translocation of chromosomes [52]. Briefly, these
findings indicate that fusion of non-transformed cells can result in neoplastic hybrids. However,
appropriate in vivo data are still missing, and because of that, it remains unclear whether neoplastic cells
can truly originate from such fusion events. In fact, this is similar to the possible correlation between
cytokinesis defects, induction of polyploidy and cancer (for reviews see: [91,92]). Cytokinesis is a
multistep process that can be subdivided into (i) furrow ingression, (ii) furrow constriction, (iii) midbody
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formation and (iv) abscission [92]. Each step is directed by a specific subset of proteins, and it is known
that inhibition or excessive activation of different cytokinesis components can cause cytokinesis defects
and the origin of polyploid cells [92]. Even physical obstructions induced by, for instance, asbestos
fibers or an invaded cell (entosis), can cause cytokinesis defects and polyploidy [91]. Because there is
no difference between cell fusion-induced polyploidy and defective cytokinesis-induced polyploidy,
the outcome for the emerging heterokaryons would be similar.

It is well known that DNA damage and chromosomal structural aberrations, such as translocations,
are closely related to chromosome missegregation during mitosis [93]; such aberrations could be
the result of extra centrosomes and merotelic-kinetochore-microtubule attachment errors, which can
occur in polyploid cells [94–98]. Extra centrosomes in cells can originate by several mechanisms,
including centrosome overduplication, de novo synthesis of centrosomes, mitotic slippage, cytokinesis
defects, and cell fusion (for review see [91,92,99]). Merotelic-kinetochore-microtubule attachment
errors occur when microtubules emanating from two centrosomes attach to a single kinetochore
of one chromosome and result in so-called “lagging chromosomes” [98,100]. Such chromosomes
remain at the spindle equator and are not enclosed in the main nucleus; rather, they form separate
micronuclei after mitosis [100]. DNA replication in micronuclei is different from replication in the main
nucleus. This is attributed to the ruptured micronuclei membrane resulting both in an efflux of nuclear
contents, such as polymerases and nucleotides, and in an influx of cytosolic components, including
exo- and endonucleases [101,102]. As a consequence, DNA replication is impaired and aberrant in
micronuclei, which results in DNA intermediates rather than in intact chromosomes [101,102] Moreover,
micronucleic DNA structures are additionally prone to DNA double strand breaks due to the influx of
cytosolic nucleases [101–103]. Recently, He and colleagues demonstrated that micronuclei-derived
DNA intermediates and fragments are missegregated again at the subsequent round of mitosis,
thereby triggering the cells’ overall genomic instability [94]. Moreover, micronuclei-derived DNA
fragments inside the newly formed daughter cell nucleus could be reassembled through error-prone
nonhomologous end joining due to activation of DNA damage repair mechanisms [103–106]. Hence,
it can be assumed that cell fusion-mediated missegregation of chromosomes might be related to
chromothripsis (for reviews see: [103–106]). Chromothripsis is a single catastrophic event in which
missegregated chromosomes inside a micronucleus are scattered into ten to a thousand DNA fragments,
which are subsequently reassembled in a random order to give rise to derivative chromosomes with
extensive rearrangement [103–106]. Non-integrated DNA fragments could become inevitably lost or
could self-ligate into circular DNA structures called double minutes [103–106]. In summary, these
findings indicate that cell fusion could not only be associated with induction of aneuploidy but also
with genomic instability and possibly even with a malignant conversion of cells (Figure 1).
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Figure 1. Cell fusion induced polyploidy, aneuploidy, and genomic instability. Cell fusion first results 
in the origin of bi- or multinucleated heterokaryons (A), which could either remain in this state (B) or 
could undergo ploidy reduction/heterokaryon-to-synkaryon transition (HST). Symmetric ploidy 
reduction/HST (C) gives rise to viable diploid daughter cells, whereby a random segregation of 
parental alleles to daughter cells can be possible. Multipolar ploidy reduction/HST (D) results in the 
origin of aneuploid/genomic unstable daughter cells, whereas merotelic attachments (E) during 
mitosis can cause lagging chromosomes and micronucleus formation in aneuploid/genomically 
unstable daughter cells. Aneuploidy/genomic instability concomitant with micronucleus formation is 
associated with further DNA damage, such as chromothripsis and translocations (not shown here). 
Most of these aneuploid/genetically unstable cells will be nonviable or will become senescent. 
However, it cannot be ruled out that some hybrid cells will survive and that aneuploidy/genomic 
instability concomitant with further DNA aberrations could ultimately lead to a malignant 
transformation of the cells. 

4. What Is the Fate of Cell Fusion-Derived Aneuploid and Genomic Instable Hybrid Cells? 

In fact, this question is difficult to answer due to contradictory results. On the one hand, 
aneuploidy has been associated with cancer and genomic instability, and it has even been putatively 
linked to the neoplastic transformation of cells [45–48]. Indeed, a few studies have already 
demonstrated that the fusion of nontumorigenic cells could truly give rise to tumorigenic hybrids 
[52–54]. Hence, the possibility that cancer may have its origin in an initial cell fusion event cannot be 
ruled out completely.  

Whether a malignant transformation could also occur in BMSC-derived hybrids remains 
unclear, since the appropriate studies have not yet been performed. However, it cannot be ruled out 

Figure 1. Cell fusion induced polyploidy, aneuploidy, and genomic instability. Cell fusion first results
in the origin of bi- or multinucleated heterokaryons (A), which could either remain in this state (B)
or could undergo ploidy reduction/heterokaryon-to-synkaryon transition (HST). Symmetric ploidy
reduction/HST (C) gives rise to viable diploid daughter cells, whereby a random segregation of parental
alleles to daughter cells can be possible. Multipolar ploidy reduction/HST (D) results in the origin
of aneuploid/genomic unstable daughter cells, whereas merotelic attachments (E) during mitosis can
cause lagging chromosomes and micronucleus formation in aneuploid/genomically unstable daughter
cells. Aneuploidy/genomic instability concomitant with micronucleus formation is associated with
further DNA damage, such as chromothripsis and translocations (not shown here). Most of these
aneuploid/genetically unstable cells will be nonviable or will become senescent. However, it cannot be
ruled out that some hybrid cells will survive and that aneuploidy/genomic instability concomitant with
further DNA aberrations could ultimately lead to a malignant transformation of the cells.

4. What Is the Fate of Cell Fusion-Derived Aneuploid and Genomic Instable Hybrid Cells?

In fact, this question is difficult to answer due to contradictory results. On the one hand, aneuploidy
has been associated with cancer and genomic instability, and it has even been putatively linked to
the neoplastic transformation of cells [45–48]. Indeed, a few studies have already demonstrated
that the fusion of nontumorigenic cells could truly give rise to tumorigenic hybrids [52–54]. Hence,
the possibility that cancer may have its origin in an initial cell fusion event cannot be ruled out completely.



Int. J. Mol. Sci. 2020, 21, 1811 7 of 14

Whether a malignant transformation could also occur in BMSC-derived hybrids remains unclear,
since the appropriate studies have not yet been performed. However, it cannot be ruled out
that neoplastic cells might originate from BMSC-derived hybrids in chronically inflamed tissue.
The chronically inflamed microenvironment is characterized by increased levels of leukocyte and
phagocyte-derived reactive oxygen and nitrogen species, which form peroxynitrite, a well-known
mutagenic agent [107]. Hence, long-term exposure of BMSC-derived hybrid cells to these highly
reactive oxygen and nitrogen radicals could result in permanent genomic alterations such as point
mutations, deletions, and even rearrangements [108]. The strongest association of chronic inflammation
with malignant diseases is in colon carcinogenesis arising in individuals with inflammatory bowel
diseases such as chronic ulcerative colitis and Crohn’s disease [108]. In this context, Davies and
colleagues demonstrated that significantly increased cell fusion frequencies were detected in the
proliferating epithelium of inflamed intestinal tissue [18]. Furthermore, the authors concluded that cell
fusion may potentially impact inflammatory disease pathogenesis, including bowel disease and even
cancer [18].

In contrast, data from BMSC-derived hepatocytes suggest that aneuploidy and genomic instability
are not associated with cellular transformation [36,39,40,49]. Aneuploidy is frequently found in mouse
and human hepatocytes [36,39,49], and murine data revealed that the number of aneuploid hepatic
cells increased with age [39]. Recently, Matsumoto and colleagues demonstrated that polyploid
hepatocytes could undergo ploidy reduction/HST and subsequent re-polyploidization [40], indicating
that putative aneuploid hepatocytes were viable and could proliferate. The reason why aneuploidy
is obviously tolerated in hepatic cells remains unclear. Conceivably, cell fusion-induced aneuploidy
could be a mechanism for stress-induced liver adaptation [50]. Tyrosinemia type I is attributed to a
mutation in the fumarylacetoacetate hydrolase gene (Fah-/-), and it is known that a loss/mutation in the
homogentisic acid dioxygenase (Hgd) gene located on chromosome 16 is protective against this disease.
Interestingly, nodules of Hgd-null hepatocytes lacking chromosome 16 rapidly emerged in adult Hgd+/-
Fah-/- mice that were exposed to chronic liver damage [50]. Likewise, transgenic mice that had a
polyploidization defect and whose liver cells were mainly diploid were more susceptible to morbidities
and death associated with tyrosinemia-induced liver failure than control mice [51]. Interestingly,
some transgenic mice survived, and analysis of the developed regenerating liver nodules revealed that
the cells inside the nodules were aneuploid and carried inactivating mutations [51]. This is in line
with the assumption that aneuploidy might be beneficial for adaptation processes, which, for instance,
has also been demonstrated in fungi [109–113]. Recently, Matsumoto and colleagues suggested that
ploidy reduction/HST of polyploid hepatocytes concomitant with subsequent re-polyploidization
might play a role in regenerative processes in the liver [51], which could be another explanation for
why aneuploidy is tolerated in hepatocytes.

The above summarized findings nicely illustrate the two diametrically opposed sides of cell
fusion-induced aneuploidy and genomic instability. However, it must be borne in mind that these data
cannot be generalized, which means that not every cell fusion-derived aneuploid and genomically
unstable cell would undergo malignant transformation or would be more resistant to stress conditions.
In fact, cell fusion-derived aneuploidy and genomic instability are associated with impaired proliferation
and overall decreased viability of cells. Several studies demonstrated that aneuploid cells were less
proliferative [114,115], more apoptotic [116–118], or became senescent [119–121], which can most
likely be attributed to impaired cellular homeostasis due to altered gene and protein expression
levels (for review see [47]). Moreover, even in the context of “cell fusion in cancer”, it has been
shown that approximately 99% of tumor cell × normal cell hybrids have died or become senescent.
In contrast, only approximately 1% of such hybrids have survived and were able to proliferate [122–124].
Interestingly, Wang and colleagues observed that some prostate cancer cell × stromal cell hybrids
remained in a quiescent state for up to 8 weeks before starting to proliferate again [124]. This result
is still not clear, and future studies should examine what internal processes have caused these cells
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to start dividing again. Nonetheless, the authors concluded from their data that the principle fate of
cancer × stromal hybrids was death [124].

5. Conclusions

The biological phenomenon of cell fusion plays a crucial role in various physiological processes,
including fertilization, placentation, myogenesis, osteoclastogenesis, and tissue regeneration and
wound healing (for review see [34,55,56]). However, even though cell fusion is a widespread biological
phenomenon, it is still not fully understood. In accordance with the yet unknown molecules/conditions
that direct the merging of two or more cells, it also remains to be elucidated how the process of ploidy
reduction/HST is regulated/induced in polyploid hybrid cells and what the fate of cell fusion-derived
aneuploid and genomically unstable cells is. As summarized above, ploidy reduction/HST could either
give rise to daughter cells with a diploid karyotype [37,42] or to daughter cell that are aneuploid and
genomically unstable [7,36,39,45–48], suggesting that this process might be differentially regulated
in distinct cell types. Likewise, aneuploidy and genomic instability appear to be more tolerated
in proliferating hepatocytes [36,39,40,49–51], whereas in other cell types, aneuploidy and genomic
instability are associated with cell death or senescence [117–121]. Again, it remains to be elucidated
how these different cellular outcomes (tolerance/viability vs. apoptosis/senescence) are regulated in
distinct cell types. Finally, the role of cell fusion in the neoplastic transformation of cells needs to be
clarified. A few studies have already shown that neoplastic cells could originate from hybridization
events of non-transformed cells [52–54], but it remains to be examined whether this might be a common
cancer-related mechanism or whether it is restricted to neoplasms that are associated with chronic
inflammatory conditions. Increased levels of mutagenic radical oxygen and nitrogen species are present
in chronic inflammatory conditions, which also represent a cell fusion friendly milieu, suggesting that
such inflammation-related radicals could directly react with newly formed cell fusion-derived hybrids.

In summary, much more work has to be done in the context of cell fusion, including finding a
better understanding of how this process is directed, how the process of ploidy reduction/HST is
regulated, and what the fate of cell fusion-derived hybrids is.
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Abbreviations

BMSC bone marrow-derived stem cells
HST heterokaryon-to-synkaryon transition
MSCs mesenchymal stem/stromal cells
HSCs hematopoietic stem cells
GFP green fluorescent protein
Fah fumarylacetoacetate hydrolase
NTBC 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione
IL-4 interleukin-4
RANKL receptor activator of NF-κB ligand
MMP-9 matrix metallopeptidase 9
DC-STAMP dendrocyte expressed seven transmembrane protein
OC-STAMP osteoclast stimulatory transmembrane protein
TNF-α tumor necrosis factor-α



Int. J. Mol. Sci. 2020, 21, 1811 9 of 14

References

1. Grompe, M. The role of bone marrow stem cells in liver regeneration. Semin. Liver Dis. 2003, 23, 363–372.
2. Jang, Y.Y.; Collector, M.I.; Baylin, S.B.; Diehl, A.M.; Sharkis, S.J. Hematopoietic stem cells convert into liver

cells within days without fusion. Nat. Cell Biol. 2004, 6, 532–539. [CrossRef]
3. Alison, M.R.; Poulsom, R.; Jeffery, R.; Dhillon, A.P.; Quaglia, A.; Jacob, J.; Novelli, M.; Prentice, G.;

Williamson, J.; Wright, N.A. Hepatocytes from non-hepatic adult stem cells. Nature 2000, 406, 257. [CrossRef]
[PubMed]

4. Camargo, F.D.; Finegold, M.; Goodell, M.A. Hematopoietic myelomonocytic cells are the major source of
hepatocyte fusion partners. J. Clin. Investig. 2004, 113, 1266–1270. [CrossRef] [PubMed]

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

6. 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] [PubMed]

7. 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]

8. 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] [PubMed]

9. Mezey, E.; Key, S.; Vogelsang, G.; Szalayova, I.; Lange, G.D.; Crain, B. Transplanted bone marrow generates
new neurons in human brains. Proc. Natl. Acad. Sci. USA 2003, 100, 1364–1369. [CrossRef]

10. Weimann, J.M.; Johansson, C.B.; Trejo, A.; Blau, H.M. Stable reprogrammed heterokaryons form spontaneously
in Purkinje neurons after bone marrow transplant. Nat. Cell Biol. 2003, 5, 959–966. [CrossRef]

11. Lagasse, E.; Connors, H.; Al-Dhalimy, M.; Reitsma, M.; Dohse, M.; Osborne, L.; Wang, X.; Finegold, M.;
Weissman, I.L.; Grompe, M. Purified hematopoietic stem cells can differentiate into hepatocytes in vivo.
Nat. Med. 2000, 6, 1229–1234. [CrossRef] [PubMed]

12. 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] [PubMed]

13. Eisenberg, L.M.; Burns, L.; Eisenberg, C.A. Hematopoietic cells from bone marrow have the potential to
differentiate into cardiomyocytes in vitro. Anat. Rec. 2003, 274A, 870–882. [CrossRef] [PubMed]

14. Orlic, D.; Kajstura, J.; Chimenti, S.; Jakoniuk, I.; Anderson, S.M.; Li, B.; Pickel, J.; McKay, R.; Nadal-Ginard, B.;
Bodine, D.M.; et al. Bone marrow cells regenerate infarcted myocardium. Nature 2001, 410, 701–705.
[CrossRef] [PubMed]

15. Camargo, F.D.; Green, R.; Capetenaki, Y.; Jackson, K.A.; Goodell, M.A. Single hematopoietic stem cells
generate skeletal muscle through myeloid intermediates. Nat. Med. 2003, 9, 1520–1527. [CrossRef] [PubMed]

16. Kawada, H.; Ogawa, M. Bone marrow origin of hematopoietic progenitors and stem cells in murine muscle.
Blood 2001, 98, 2008–2013. [CrossRef] [PubMed]

17. 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]

18. 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]

19. Ferrand, J.; Noel, D.; Lehours, P.; Prochazkova-Carlotti, M.; Chambonnier, L.; Menard, A.; Megraud, F.;
Varon, C. Human bone marrow-derived stem cells acquire epithelial characteristics through fusion with
gastrointestinal epithelial cells. PLoS ONE 2011, 6, e19569. [CrossRef]

20. Silk, A.D.; Gast, C.E.; Davies, P.S.; Fakhari, F.D.; Vanderbeek, G.E.; Mori, M.; Wong, M.H. Fusion between
hematopoietic and epithelial cells in adult human intestine. PLoS ONE 2013, 8, e55572. [CrossRef]

21. Oh, S.H.; Muzzonigro, T.M.; Bae, S.H.; LaPlante, J.M.; Hatch, H.M.; Petersen, B.E. Adult bone marrow-derived
cells trans-differentiating into insulin-producing cells for the treatment of type I diabetes. Lab. Investig. 2004,
84, 607–617. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncb1132
http://dx.doi.org/10.1038/35018642
http://www.ncbi.nlm.nih.gov/pubmed/10917519
http://dx.doi.org/10.1172/JCI21301
http://www.ncbi.nlm.nih.gov/pubmed/15124017
http://dx.doi.org/10.1038/nature01539
http://www.ncbi.nlm.nih.gov/pubmed/12665833
http://dx.doi.org/10.1038/nature02069
http://www.ncbi.nlm.nih.gov/pubmed/14555960
http://dx.doi.org/10.1038/nature01531
http://www.ncbi.nlm.nih.gov/pubmed/12665832
http://dx.doi.org/10.1038/ncb1720
http://www.ncbi.nlm.nih.gov/pubmed/18425116
http://dx.doi.org/10.1073/pnas.0336479100
http://dx.doi.org/10.1038/ncb1053
http://dx.doi.org/10.1038/81326
http://www.ncbi.nlm.nih.gov/pubmed/11062533
http://dx.doi.org/10.1038/nm1062
http://www.ncbi.nlm.nih.gov/pubmed/15195088
http://dx.doi.org/10.1002/ar.a.10106
http://www.ncbi.nlm.nih.gov/pubmed/12923898
http://dx.doi.org/10.1038/35070587
http://www.ncbi.nlm.nih.gov/pubmed/11287958
http://dx.doi.org/10.1038/nm963
http://www.ncbi.nlm.nih.gov/pubmed/14625546
http://dx.doi.org/10.1182/blood.V98.7.2008
http://www.ncbi.nlm.nih.gov/pubmed/11567983
http://dx.doi.org/10.1016/S0092-8674(02)01078-4
http://dx.doi.org/10.1371/journal.pone.0006530
http://dx.doi.org/10.1371/journal.pone.0019569
http://dx.doi.org/10.1371/journal.pone.0055572
http://dx.doi.org/10.1038/labinvest.3700074
http://www.ncbi.nlm.nih.gov/pubmed/15034596


Int. J. Mol. Sci. 2020, 21, 1811 10 of 14

22. Power, C.; Rasko, J.E. Promises and challenges of stem cell research for regenerative medicine. Ann. Intern.
Med. 2011, 155, 706–713. [CrossRef] [PubMed]

23. Satija, N.K.; Singh, V.K.; Verma, Y.K.; Gupta, P.; Sharma, S.; Afrin, F.; Sharma, M.; Sharma, P.; Tripathi, R.P.;
Gurudutta, G.U. Mesenchymal stem cell-based therapy: A new paradigm in regenerative medicine. J. Cell.
Mol. Med. 2009, 13, 4385–4402. [CrossRef] [PubMed]

24. Dittmar, T.; Seidel, J.; Zänker, K.S.; Niggemann, B. Carcinogenesis driven by bone marrow-derived stem cells.
Contrib. Microbiol. 2006, 13, 156–169. [PubMed]

25. Eisenberg, L.M.; Eisenberg, C.A. Stem cell plasticity, cell fusion, and transdifferentiation. Birth Defects Res.
Part C Embryo Today 2003, 69, 209–218. [CrossRef]

26. Newsome, P.N.; Johannessen, I.; Boyle, S.; Dalakas, E.; McAulay, K.A.; Samuel, K.; Rae, F.; Forrester, L.;
Turner, M.L.; Hayes, P.C.; et al. Human cord blood-derived cells can differentiate into hepatocytes in the
mouse liver with no evidence of cellular fusion. Gastroenterology 2003, 124, 1891–1900. [CrossRef]

27. Wurmser, A.E.; Nakashima, K.; Summers, R.G.; Toni, N.; D’Amour, K.A.; Lie, D.C.; Gage, F.H. Cell
fusion-independent differentiation of neural stem cells to the endothelial lineage. Nature 2004, 430, 350–356.
[CrossRef]

28. Shi, D.; Reinecke, H.; Murry, C.E.; Torok-Storb, B. Myogenic fusion of human bone marrow stromal cells,
but not hematopoietic cells. Blood 2004, 104, 290–294. [CrossRef]

29. 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]

30. 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]

31. Ying, Q.L.; Nichols, J.; Evans, E.P.; Smith, A.G. Changing potency by spontaneous fusion. Nature 2002, 416,
545–548. [CrossRef]

32. 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]

33. 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]

34. 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] [PubMed]

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

36. 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]

37. Frade, J.; Nakagawa, S.; Cortes, P.; di Vicino, U.; Romo, N.; Lluis, F.; Cosma, M.P. Controlled ploidy reduction
of pluripotent 4n cells generates 2n cells during mouse embryo development. Sci. Adv. 2019, 5, eaax4199.
[CrossRef]

38. 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]

39. 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]

40. Matsumoto, T.; Wakefield, L.; Tarlow, B.D.; Grompe, M. In Vivo Lineage Tracing of Polyploid Hepatocytes
Reveals Extensive Proliferation during Liver Regeneration. Cell Stem Cell 2020, 26, 34–47.e3. [CrossRef]

41. 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] [PubMed]

42. 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] [PubMed]

http://dx.doi.org/10.7326/0003-4819-155-10-201111150-00010
http://www.ncbi.nlm.nih.gov/pubmed/22084335
http://dx.doi.org/10.1111/j.1582-4934.2009.00857.x
http://www.ncbi.nlm.nih.gov/pubmed/19602034
http://www.ncbi.nlm.nih.gov/pubmed/16627964
http://dx.doi.org/10.1002/bdrc.10017
http://dx.doi.org/10.1016/S0016-5085(03)00401-3
http://dx.doi.org/10.1038/nature02604
http://dx.doi.org/10.1182/blood-2003-03-0688
http://dx.doi.org/10.1073/pnas.0437997100
http://dx.doi.org/10.1038/nature730
http://dx.doi.org/10.1038/nature729
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/10.1016/j.tig.2013.01.011
http://www.ncbi.nlm.nih.gov/pubmed/23453622
http://dx.doi.org/10.1016/j.tcb.2009.07.005
http://dx.doi.org/10.1371/journal.pgen.1000385
http://dx.doi.org/10.1126/sciadv.aax4199
http://dx.doi.org/10.1038/nrc1740
http://dx.doi.org/10.1038/nature09414
http://dx.doi.org/10.1016/j.stem.2019.11.014
http://dx.doi.org/10.1038/srep36863
http://www.ncbi.nlm.nih.gov/pubmed/27827439
http://dx.doi.org/10.1242/jcs.100123
http://www.ncbi.nlm.nih.gov/pubmed/22393240


Int. J. Mol. Sci. 2020, 21, 1811 11 of 14

43. 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] [PubMed]

44. 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]

45. Durrbaum, M.; Storchova, Z. Effects of aneuploidy on gene expression: Implications for cancer. FEBS J. 2016,
283, 791–802. [CrossRef] [PubMed]

46. Holland, A.J.; Cleveland, D.W. Boveri revisited: Chromosomal instability, aneuploidy and tumorigenesis.
Nat. Rev. Mol. Cell Biol. 2009, 10, 478–487. [CrossRef]

47. Chunduri, N.K.; Storchova, Z. The diverse consequences of aneuploidy. Nat. Cell Biol. 2019, 21, 54–62.
[CrossRef]

48. Pellman, D. Cell biology: Aneuploidy and cancer. Nature 2007, 446, 38–39. [CrossRef]
49. Duncan, A.W.; Hanlon Newell, A.E.; Smith, L.; Wilson, E.M.; Olson, S.B.; Thayer, M.J.; Strom, S.C.; Grompe, M.

Frequent aneuploidy among normal human hepatocytes. Gastroenterology 2012, 142, 25–28. [CrossRef]
50. Duncan, A.W.; Hanlon Newell, A.E.; Bi, W.; Finegold, M.J.; Olson, S.B.; Beaudet, A.L.; Grompe, M. Aneuploidy

as a mechanism for stress-induced liver adaptation. J. Clin. Investig. 2012, 122, 3307–3315. [CrossRef]
51. Wilkinson, P.D.; Alencastro, F.; Delgado, E.R.; Leek, M.P.; Weirich, M.P.; Otero, P.A.; Roy, N.; Brown, W.K.;

Oertel, M.; Duncan, A.W. Polyploid Hepatocytes Facilitate Adaptation and Regeneration to Chronic Liver
Injury. Am. J. Pathol. 2019, 189, 1241–1255. [CrossRef] [PubMed]

52. Delespaul, L.; Merle, C.; Lesluyes, T.; Lagarde, P.; Le Guellec, S.; Perot, G.; Baud, J.; Carlotti, M.; Danet, C.;
Fevre, M.; et al. Fusion-mediated chromosomal instability promotes aneuploidy patterns that resemble
human tumors. Oncogene 2019, 38, 6083–6094. [CrossRef] [PubMed]

53. Duelli, D.M.; Hearn, S.; Myers, M.P.; Lazebnik, Y. A primate virus generates transformed human cells by
fusion. J. Cell Biol. 2005, 171, 493–503. [CrossRef] [PubMed]

54. 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] [PubMed]

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

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

57. Willkomm, L.; Bloch, W. State of the art in cell-cell fusion. Methods Mol. Biol. 2015, 1313, 1–19. [CrossRef]
58. Zhou, X.; Platt, J.L. Molecular and cellular mechanisms of Mammalian cell fusion. Adv. Exp. Med. Biol. 2011,

713, 33–64. [CrossRef]
59. Huppertz, B.; Gauster, M. Trophoblast fusion. Adv. Exp. Med. Biol. 2011, 713, 81–95. [CrossRef]
60. Mi, S.; Lee, X.; Li, X.; Veldman, G.M.; Finnerty, H.; Racie, L.; LaVallie, E.; Tang, X.Y.; Edouard, P.; Howes, S.;

et al. Syncytin is a captive retroviral envelope protein involved in human placental morphogenesis. Nature
2000, 403, 785–789. [CrossRef]

61. Soe, K.; Andersen, T.L.; Hobolt-Pedersen, A.S.; Bjerregaard, B.; Larsson, L.I.; Delaisse, J.M. Involvement of
human endogenous retroviral syncytin-1 in human osteoclast fusion. Bone 2011, 48, 837–846. [CrossRef]

62. Bjerregaard, B.; Holck, S.; Christensen, I.J.; Larsson, L.I. Syncytin is involved in breast cancer-endothelial cell
fusions. Cell. Mol. Life Sci. 2006, 63, 1906–1911. [CrossRef] [PubMed]

63. 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]

64. 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] [PubMed]

65. Abmayr, S.M.; Pavlath, G.K. Myoblast fusion: Lessons from flies and mice. Development 2012, 139, 641–656.
[CrossRef] [PubMed]

66. Simionescu, A.; Pavlath, G.K. Molecular mechanisms of myoblast fusion across species. Adv. Exp. Med. Biol.
2011, 713, 113–135. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-10-3223
http://www.ncbi.nlm.nih.gov/pubmed/21303980
http://dx.doi.org/10.1073/pnas.0508593103
http://www.ncbi.nlm.nih.gov/pubmed/16606845
http://dx.doi.org/10.1111/febs.13591
http://www.ncbi.nlm.nih.gov/pubmed/26555863
http://dx.doi.org/10.1038/nrm2718
http://dx.doi.org/10.1038/s41556-018-0243-8
http://dx.doi.org/10.1038/446038a
http://dx.doi.org/10.1053/j.gastro.2011.10.029
http://dx.doi.org/10.1172/JCI64026
http://dx.doi.org/10.1016/j.ajpath.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30928253
http://dx.doi.org/10.1038/s41388-019-0859-6
http://www.ncbi.nlm.nih.gov/pubmed/31270395
http://dx.doi.org/10.1083/jcb.200507069
http://www.ncbi.nlm.nih.gov/pubmed/16275753
http://dx.doi.org/10.1016/j.ajpath.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/26066710
http://dx.doi.org/10.1242/dev.155523
http://dx.doi.org/10.1007/978-1-4939-2703-6_1
http://dx.doi.org/10.1007/978-94-007-0763-4_4
http://dx.doi.org/10.1007/978-94-007-0763-4_6
http://dx.doi.org/10.1038/35001608
http://dx.doi.org/10.1016/j.bone.2010.11.011
http://dx.doi.org/10.1007/s00018-006-6201-9
http://www.ncbi.nlm.nih.gov/pubmed/16871371
http://dx.doi.org/10.1038/srep40983
http://www.ncbi.nlm.nih.gov/pubmed/28112190
http://dx.doi.org/10.1002/stem.2819
http://www.ncbi.nlm.nih.gov/pubmed/29569804
http://dx.doi.org/10.1242/dev.068353
http://www.ncbi.nlm.nih.gov/pubmed/22274696
http://dx.doi.org/10.1007/978-94-007-0763-4_8
http://www.ncbi.nlm.nih.gov/pubmed/21432017


Int. J. Mol. Sci. 2020, 21, 1811 12 of 14

67. Abdelmagid, S.M.; Sondag, G.R.; Moussa, F.M.; Belcher, J.Y.; Yu, B.; Stinnett, H.; Novak, K.; Mbimba, T.;
Khol, M.; Hankenson, K.D.; et al. Mutation in Osteoactivin Promotes Receptor Activator of NFkappaB
Ligand (RANKL)-mediated Osteoclast Differentiation and Survival but Inhibits Osteoclast Function. J. Biol.
Chem. 2015, 290, 20128–20146. [CrossRef]

68. Mensah, K.A.; Ritchlin, C.T.; Schwarz, E.M. RANKL induces heterogeneous DC-STAMP(lo) and
DC-STAMP(hi) osteoclast precursors of which the DC-STAMP(lo) precursors are the master fusogens.
J. Cell. Physiol. 2010, 223, 76–83. [CrossRef]

69. Moreno, J.L.; Mikhailenko, I.; Tondravi, M.M.; Keegan, A.D. IL-4 promotes the formation of multinucleated
giant cells from macrophage precursors by a STAT6-dependent, homotypic mechanism: Contribution of
E-cadherin. J. Leukoc. Biol. 2007, 82, 1542–1553. [CrossRef]

70. Papadaki, M.; Rinotas, V.; Violitzi, F.; Thireou, T.; Panayotou, G.; Samiotaki, M.; Douni, E. New Insights for
RANKL as a Proinflammatory Modulator in Modeled Inflammatory Arthritis. Front. Immunol. 2019, 10, 97.
[CrossRef]

71. Yu, M.; Qi, X.; Moreno, J.L.; Farber, D.L.; Keegan, A.D. NF-kappaB signaling participates in both RANKL-
and IL-4-induced macrophage fusion: Receptor cross-talk leads to alterations in NF-kappaB pathways.
J. Immunol. 2011, 187, 1797–1806. [CrossRef]

72. Weiler, J.; Dittmar, T. Minocycline impairs TNF-alpha-induced cell fusion of M13SV1-Cre cells with
MDA-MB-435-pFDR1 cells by suppressing NF-kappaB transcriptional activity and its induction of target-gene
expression of fusion-relevant factors. Cell Commun. Signal. 2019, 17, 71. [CrossRef] [PubMed]

73. 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] [PubMed]

74. 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]

75. 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]

76. Song, K.; Zhu, F.; Zhang, H.Z.; Shang, Z.J. Tumor necrosis factor-alpha enhanced fusions between oral
squamous cell carcinoma cells and endothelial cells via VCAM-1/VLA-4 pathway. Exp. Cell Res. 2012, 318,
1707–1715. [CrossRef]

77. 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]

78. MacLauchlan, S.; Skokos, E.A.; Meznarich, N.; Zhu, D.H.; Raoof, S.; Shipley, J.M.; Senior, R.M.; Bornstein, P.;
Kyriakides, T.R. Macrophage fusion, giant cell formation, and the foreign body response require matrix
metalloproteinase 9. J. Leukoc. Biol. 2009, 85, 617–626. [CrossRef]

79. Okada, Y. Sendai virus-induced cell fusion. Methods Enzymol. 1993, 221, 18–41.
80. Record, M. Intercellular communication by exosomes in placenta: A possible role in cell fusion? Placenta

2014, 35, 297–302. [CrossRef]
81. Podbilewicz, B. Virus and cell fusion mechanisms. Annu. Rev. Cell Dev. Biol. 2014, 30, 111–139. [CrossRef]
82. Duelli, D.; Lazebnik, Y. Cell-to-cell fusion as a link between viruses and cancer. Nat. Rev. Cancer 2007, 7,

968–976. [CrossRef] [PubMed]
83. Kohler, G.; Milstein, C. Continuous cultures of fused cells secreting antibody of predefined specificity. Nature

1975, 256, 495–497. [CrossRef]
84. Rawling, J.; Cano, O.; Garcin, D.; Kolakofsky, D.; Melero, J.A. Recombinant Sendai viruses expressing fusion

proteins with two furin cleavage sites mimic the syncytial and receptor-independent infection properties of
respiratory syncytial virus. J. Virol. 2011, 85, 2771–2780. [CrossRef] [PubMed]

85. Shmulevitz, M.; Duncan, R. A new class of fusion-associated small transmembrane (FAST) proteins encoded
by the non-enveloped fusogenic reoviruses. EMBO J. 2000, 19, 902–912. [CrossRef] [PubMed]

86. Hu, L.; Plafker, K.; Vorozhko, V.; Zuna, R.E.; Hanigan, M.H.; Gorbsky, G.J.; Plafker, S.M.; Angeletti, P.C.;
Ceresa, B.P. Human papillomavirus 16 E5 induces bi-nucleated cell formation by cell-cell fusion. Virology
2009, 384, 125–134. [CrossRef]

http://dx.doi.org/10.1074/jbc.M114.624270
http://dx.doi.org/10.1002/jcp.22012
http://dx.doi.org/10.1189/jlb.0107058
http://dx.doi.org/10.3389/fimmu.2019.00097
http://dx.doi.org/10.4049/jimmunol.1002628
http://dx.doi.org/10.1186/s12964-019-0384-9
http://www.ncbi.nlm.nih.gov/pubmed/31266502
http://dx.doi.org/10.1186/s12964-018-0226-1
http://www.ncbi.nlm.nih.gov/pubmed/29636110
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://dx.doi.org/10.1016/j.yexcr.2012.05.022
http://dx.doi.org/10.1007/s00018-015-1910-6
http://dx.doi.org/10.1189/jlb.1008588
http://dx.doi.org/10.1016/j.placenta.2014.02.009
http://dx.doi.org/10.1146/annurev-cellbio-101512-122422
http://dx.doi.org/10.1038/nrc2272
http://www.ncbi.nlm.nih.gov/pubmed/18034186
http://dx.doi.org/10.1038/256495a0
http://dx.doi.org/10.1128/JVI.02065-10
http://www.ncbi.nlm.nih.gov/pubmed/21228237
http://dx.doi.org/10.1093/emboj/19.5.902
http://www.ncbi.nlm.nih.gov/pubmed/10698932
http://dx.doi.org/10.1016/j.virol.2008.10.011


Int. J. Mol. Sci. 2020, 21, 1811 13 of 14

87. Samanta, S.; Rajasingh, S.; Drosos, N.; Zhou, Z.; Dawn, B.; Rajasingh, J. Exosomes: New molecular targets of
diseases. Acta Pharmacol. Sin. 2018, 39, 501–513. [CrossRef]

88. Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell
Vesicles 2014, 3. [CrossRef]

89. Miyado, K.; Yoshida, K.; Yamagata, K.; Sakakibara, K.; Okabe, M.; Wang, X.; Miyamoto, K.; Akutsu, H.;
Kondo, T.; Takahashi, Y.; et al. The fusing ability of sperm is bestowed by CD9-containing vesicles released
from eggs in mice. Proc. Natl. Acad. Sci. USA 2008, 105, 12921–12926. [CrossRef]

90. Duelli, D.M.; Padilla-Nash, H.M.; Berman, D.; Murphy, K.M.; Ried, T.; Lazebnik, Y. A virus causes cancer by
inducing massive chromosomal instability through cell fusion. Curr. Biol. 2007, 17, 431–437. [CrossRef]

91. Lens, S.M.A.; Medema, R.H. Cytokinesis defects and cancer. Nat. Rev. Cancer 2019, 19, 32–45. [CrossRef]
92. Normand, G.; King, R.W. Understanding cytokinesis failure. Adv. Exp. Med. Biol. 2010, 676, 27–55. [CrossRef]

[PubMed]
93. 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]

94. He, B.; Gnawali, N.; Hinman, A.W.; Mattingly, A.J.; Osimani, A.; Cimini, D. Chromosomes missegregated
into micronuclei contribute to chromosomal instability by missegregating at the next division. Oncotarget
2019, 10, 2660–2674. [CrossRef] [PubMed]

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

96. Thompson, S.L.; Compton, D.A. Chromosome missegregation in human cells arises through specific types of
kinetochore-microtubule attachment errors. Proc. Natl. Acad. Sci. USA 2011, 108, 17974–17978. [CrossRef]
[PubMed]

97. Silkworth, W.T.; Nardi, I.K.; Scholl, L.M.; Cimini, D. Multipolar spindle pole coalescence is a major source
of kinetochore mis-attachment and chromosome mis-segregation in cancer cells. PLoS ONE 2009, 4, e6564.
[CrossRef]

98. Cimini, D.; Howell, B.; Maddox, P.; Khodjakov, A.; Degrassi, F.; Salmon, E.D. Merotelic kinetochore orientation
is a major mechanism of aneuploidy in mitotic mammalian tissue cells. J. Cell Biol. 2001, 153, 517–527.
[CrossRef]

99. 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]

100. Cimini, D.; Fioravanti, D.; Salmon, E.D.; Degrassi, F. Merotelic kinetochore orientation versus chromosome
mono-orientation in the origin of lagging chromosomes in human primary cells. J. Cell Sci. 2002, 115, 507–515.

101. Hatch, E.M.; Fischer, A.H.; Deerinck, T.J.; Hetzer, M.W. Catastrophic nuclear envelope collapse in cancer cell
micronuclei. Cell 2013, 154, 47–60. [CrossRef]

102. Crasta, K.; Ganem, N.J.; Dagher, R.; Lantermann, A.B.; Ivanova, E.V.; Pan, Y.; Nezi, L.; Protopopov, A.;
Chowdhury, D.; Pellman, D. DNA breaks and chromosome pulverization from errors in mitosis. Nature
2012, 482, 53–58. [CrossRef] [PubMed]

103. Ly, P.; Cleveland, D.W. Rebuilding Chromosomes After Catastrophe: Emerging Mechanisms of
Chromothripsis. Trends Cell Biol. 2017, 27, 917–930. [CrossRef] [PubMed]

104. Hatch, E.M.; Hetzer, M.W. Chromothripsis. Curr. Biol. 2015, 25, R397–R399. [CrossRef] [PubMed]
105. Rode, A.; Maass, K.K.; Willmund, K.V.; Lichter, P.; Ernst, A. Chromothripsis in cancer cells: An update. Int. J.

Cancer 2016, 138, 2322–2333. [CrossRef]
106. Zhang, C.Z.; Leibowitz, M.L.; Pellman, D. Chromothripsis and beyond: Rapid genome evolution from

complex chromosomal rearrangements. Genes Dev. 2013, 27, 2513–2530. [CrossRef]
107. Maeda, H.; Akaike, T. Nitric oxide and oxygen radicals in infection, inflammation, and cancer. Biochemistry

(Mosc.) 1998, 63, 854–865.
108. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef]
109. Gerstein, A.C.; Fu, M.S.; Mukaremera, L.; Li, Z.; Ormerod, K.L.; Fraser, J.A.; Berman, J.; Nielsen, K. Polyploid

titan cells produce haploid and aneuploid progeny to promote stress adaptation. mBio 2015, 6, e01340-15.
[CrossRef]

110. Millet, C.; Ausiannikava, D.; Le Bihan, T.; Granneman, S.; Makovets, S. Cell populations can use aneuploidy
to survive telomerase insufficiency. Nat. Commun. 2015, 6, 8664. [CrossRef]

http://dx.doi.org/10.1038/aps.2017.162
http://dx.doi.org/10.3402/jev.v3.24641
http://dx.doi.org/10.1073/pnas.0710608105
http://dx.doi.org/10.1016/j.cub.2007.01.049
http://dx.doi.org/10.1038/s41568-018-0084-6
http://dx.doi.org/10.1007/978-1-4419-6199-0_3
http://www.ncbi.nlm.nih.gov/pubmed/20687468
http://dx.doi.org/10.1126/science.1210214
http://www.ncbi.nlm.nih.gov/pubmed/21960636
http://dx.doi.org/10.18632/oncotarget.26853
http://www.ncbi.nlm.nih.gov/pubmed/31105868
http://dx.doi.org/10.1038/nature08136
http://www.ncbi.nlm.nih.gov/pubmed/19506557
http://dx.doi.org/10.1073/pnas.1109720108
http://www.ncbi.nlm.nih.gov/pubmed/21997207
http://dx.doi.org/10.1371/journal.pone.0006564
http://dx.doi.org/10.1083/jcb.153.3.517
http://dx.doi.org/10.1007/s10555-008-9163-6
http://dx.doi.org/10.1016/j.cell.2013.06.007
http://dx.doi.org/10.1038/nature10802
http://www.ncbi.nlm.nih.gov/pubmed/22258507
http://dx.doi.org/10.1016/j.tcb.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28899600
http://dx.doi.org/10.1016/j.cub.2015.02.033
http://www.ncbi.nlm.nih.gov/pubmed/25989073
http://dx.doi.org/10.1002/ijc.29888
http://dx.doi.org/10.1101/gad.229559.113
http://dx.doi.org/10.1038/nature01322
http://dx.doi.org/10.1128/mBio.01340-15
http://dx.doi.org/10.1038/ncomms9664


Int. J. Mol. Sci. 2020, 21, 1811 14 of 14

111. Ryu, H.Y.; Wilson, N.R.; Mehta, S.; Hwang, S.S.; Hochstrasser, M. Loss of the SUMO protease Ulp2 triggers a
specific multichromosome aneuploidy. Genes Dev. 2016, 30, 1881–1894. [CrossRef]

112. Beaupere, C.; Dinatto, L.; Wasko, B.M.; Chen, R.B.; VanValkenburg, L.; Kiflezghi, M.G.; Lee, M.B.;
Promislow, D.E.L.; Dang, W.; Kaeberlein, M.; et al. Genetic screen identifies adaptive aneuploidy as
a key mediator of ER stress resistance in yeast. Proc. Natl. Acad. Sci. USA 2018, 115, 9586–9591. [CrossRef]
[PubMed]

113. Yang, F.; Teoh, F.; Tan, A.S.M.; Cao, Y.; Pavelka, N.; Berman, J. Aneuploidy Enables Cross-Adaptation to
Unrelated Drugs. Mol. Biol. Evol. 2019, 36, 1768–1782. [CrossRef] [PubMed]

114. Williams, B.R.; Prabhu, V.R.; Hunter, K.E.; Glazier, C.M.; Whittaker, C.A.; Housman, D.E.; Amon, A.
Aneuploidy affects proliferation and spontaneous immortalization in mammalian cells. Science 2008, 322,
703–709. [CrossRef] [PubMed]

115. Stingele, S.; Stoehr, G.; Peplowska, K.; Cox, J.; Mann, M.; Storchova, Z. Global analysis of genome,
transcriptome and proteome reveals the response to aneuploidy in human cells. Mol. Syst. Biol. 2012, 8, 608.
[CrossRef] [PubMed]

116. Carrell, D.T.; Wilcox, A.L.; Lowy, L.; Peterson, C.M.; Jones, K.P.; Erickson, L.; Campbell, B.; Branch, D.W.;
Hatasaka, H.H. Elevated sperm chromosome aneuploidy and apoptosis in patients with unexplained
recurrent pregnancy loss. Obstet. Gynecol. 2003, 101, 1229–1235. [CrossRef]

117. Caneus, J.; Granic, A.; Rademakers, R.; Dickson, D.W.; Coughlan, C.M.; Chial, H.J.; Potter, H. Mitotic defects
lead to neuronal aneuploidy and apoptosis in frontotemporal lobar degeneration caused by MAPT mutations.
Mol. Biol. Cell 2018, 29, 575–586. [CrossRef]

118. Ohashi, A.; Ohori, M.; Iwai, K.; Nakayama, Y.; Nambu, T.; Morishita, D.; Kawamoto, T.; Miyamoto, M.;
Hirayama, T.; Okaniwa, M.; et al. Aneuploidy generates proteotoxic stress and DNA damage concurrently
with p53-mediated post-mitotic apoptosis in SAC-impaired cells. Nat. Commun. 2015, 6, 7668. [CrossRef]

119. Estrada, J.C.; Torres, Y.; Benguria, A.; Dopazo, A.; Roche, E.; Carrera-Quintanar, L.; Perez, R.A.; Enriquez, J.A.;
Torres, R.; Ramirez, J.C.; et al. Human mesenchymal stem cell-replicative senescence and oxidative stress are
closely linked to aneuploidy. Cell Death Dis. 2013, 4, e691. [CrossRef]

120. Biron-Shental, T.; Liberman, M.; Sharvit, M.; Sukenik-Halevy, R.; Amiel, A. Amniocytes from aneuploidy
embryos have enhanced random aneuploidy and signs of senescence—Can these findings be related to
medical problems? Gene 2015, 562, 232–235. [CrossRef]

121. Meena, J.K.; Cerutti, A.; Beichler, C.; Morita, Y.; Bruhn, C.; Kumar, M.; Kraus, J.M.; Speicher, M.R.; Wang, Z.Q.;
Kestler, H.A.; et al. Telomerase abrogates aneuploidy-induced telomere replication stress, senescence and
cell depletion. EMBO J. 2015, 34, 1371–1384. [CrossRef]

122. 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]

123. Wakeling, W.F.; Greetham, J.; Bennett, D.C. Efficient spontaneous fusion between some co-cultured cells,
especially murine melanoma cells. Cell Biol. Int. 1994, 18, 207–210. [CrossRef] [PubMed]

124. 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] [PubMed]

© 2020 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/10.1101/gad.282194.116
http://dx.doi.org/10.1073/pnas.1804264115
http://www.ncbi.nlm.nih.gov/pubmed/30185560
http://dx.doi.org/10.1093/molbev/msz104
http://www.ncbi.nlm.nih.gov/pubmed/31028698
http://dx.doi.org/10.1126/science.1160058
http://www.ncbi.nlm.nih.gov/pubmed/18974345
http://dx.doi.org/10.1038/msb.2012.40
http://www.ncbi.nlm.nih.gov/pubmed/22968442
http://dx.doi.org/10.1016/s0029-7844(03)00339-9
http://dx.doi.org/10.1091/mbc.E17-01-0031
http://dx.doi.org/10.1038/ncomms8668
http://dx.doi.org/10.1038/cddis.2013.211
http://dx.doi.org/10.1016/j.gene.2015.02.075
http://dx.doi.org/10.15252/embj.201490070
http://dx.doi.org/10.1002/jcb.240360204
http://www.ncbi.nlm.nih.gov/pubmed/3356752
http://dx.doi.org/10.1006/cbir.1994.1063
http://www.ncbi.nlm.nih.gov/pubmed/8019495
http://dx.doi.org/10.1371/journal.pone.0042653
http://www.ncbi.nlm.nih.gov/pubmed/22880071
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	How Do Cells Fuse with Each Other? 
	Cell Fusion as an Inducer of Polyploidy, Aneuploidy, and Genomic Instability 
	What Is the Fate of Cell Fusion-Derived Aneuploid and Genomic Instable Hybrid Cells? 
	Conclusions 
	References

