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Abstract: Although molecular mechanisms and signaling pathways driving invasion and metastasis
have been studied for many years, the origin of the population of metastatic cells within the primary
tumor is still not well understood. About a century ago, Aichel proposed that cancer cell fusion was
a mechanism of cancer metastasis. This hypothesis gained some support over the years, and recently
became the focus of many studies that revealed increasing evidence pointing to the possibility that
cancer cell fusion probably gives rise to the metastatic phenotype by generating widespread genetic
and epigenetic diversity, leading to the emergence of critical populations needed to evolve resistance
to the treatment and development of metastasis. In this review, we will discuss the clinical relevance
of cancer cell fusion, describe emerging mechanisms of cancer cell fusion, address why inhibiting
cancer cell fusion could represent a critical line of attack to limit drug resistance and to prevent
metastasis, and suggest one new modality for doing so.
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1. Introduction

Approximately 90% of cancer-related deaths are caused by the local invasion and distant
metastasis of tumor cells. Metastasis is arguably the most poorly understood aspect in cancer.
To successfully relocate in the body, a tumor cell must acquire transient properties that enable
dissemination, followed by the reestablishment of the original primary phenotype at a distant
site. Exactly how this is accomplished is still unclear, and reliable treatments are therefore lacking.
One hypothesis suggests that a variety of genetic and epigenetic changes lead to the development
of breast cancer. These changes involve somatic gene mutations, copy number aberrations,
exon sequencing changes, alterations in miRNA and protein expression levels, and changes in
methylation [1–4]. Hence, the unstable cancer genome combined with host selective pressures
generates metastatic cells in the otherwise non-metastatic primary tumor [5]. This view continues
to provide some framework for envisioning tumor progression. However, it is difficult to imagine
how this might occur through successive, stepwise mutations, as the generation of a metastatic
phenotype would require the activation and silencing of large numbers of genes in the primary
tumor cell. Moreover, a recent report compared the entire genome of a primary tumor cell with a
corresponding metastatic tumor cell, and found only two de novo mutations in the metastatic tumor
with neither mutation essential to the metastatic process [6]. A second widely accepted paradigm for
cancer progression is that epithelial cells undergo a mesenchymal transition, during which they lose
apical-basal polarity and intercellular adhesions, and express mesenchymal genes such as N-cadherin
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and vimentin. Then, single mesenchymal cells escape from the epithelial tumor mass and enter the
lymphatic system or bloodstream, through which they disseminate. At ectopic sites in the body, the
tumor cells extravasate, revert to an epithelial phenotype, and colonize surrounding tissue to form
metastases [7,8]. However, epithelial-to-mesenchymal transition (EMT) is not essential for tumor
invasion, as epithelial cells can collectively invade [9,10]. Furthermore, circulating tumor cells isolated
from cancer patients show the expression of markers for both mesenchymal and epithelial cells [11,12].
A third more recent hypothesis suggests that the tumor bulk contains a heterogeneous tumor cell
population that is derived from a subset of cells that show the characteristics of stem cells, termed
tumor-initiating cells or cancer stem cells (CSCs) [13,14]. They are capable of dividing asymmetrically
to produce one stem cell, which enables self-renewal, and one progenitor cell, which allows the
production of phenotypically-diverse cancer cells that constitute tumors. The CSCs might result from
the deregulation of normal stem cell self-renewal and differentiation pathways [14–16], or may develop
from EMTs [17,18]. This current idea has yet to be universally adopted, as the origin of CSCs is still
controversial. A fourth possibility (which is the topic of this review) stipulates that the fusion of
tumor cells with cells of hematopoietic lineage or stromal lineage gives rise to hybrid cells capable
of dissemination and new tumor growth. The possibility that cell fusion gives rise to the metastatic
phenotype was first put forward nearly a century ago by Aichel [19], and later on by Mekler [20]
and Goldenberg [21]. Since then, the hybrid theory has been proposed as an explanation for tumor
metastasis [22–24]. In this review, we will present various studies pointing to the contribution of cancer
cell fusion to metastasis, the possible role of cancer cell fusion in chemoresistance, and some potential
mechanisms governing cancer cell fusion.

2. Cell Fusion and Metastasis

Several in vitro and in vivo studies have shown that metastatic cells result from the fusion
of primary tumor cells and cells of hematopoietic lineage [24–27] or other cell types of the tumor
microenvironment [28–31]. These fusion events were shown to occur spontaneously in many cases.
For instance, spontaneous fusion was observed in vitro between normal breast epithelium and breast
cancer cells [28–31], among breast tumor cells themselves [32], between breast cancer epithelium and
endothelial cells [33], between breast cancer epithelium and stroma cells [22,34,35], and between lung
cancer cells and stroma cells [36]. Further analysis of hybrids resulting from these spontaneous fusion
events showed that they harbored metastatic properties. For example, hybrids formed between normal
breast epithelium (M13SV1-EGFP-Neo) and breast cancer cells (HS578T-Hyg) showed increased
locomotory activity compared to the normal parental line. This fusion-enhanced migration was
associated with altered CCL21/CCR7 signaling, which was previously linked to the metastatic
spreading of breast cancer to lymph nodes [28]. We found in our studies that breast tumor cells
could spontaneously fuse with mesenchymal stem cells (MSCs) to form hybrids presenting increased
invasion and migratory capacity [34,37].

The increased metastatic potential of hybrids was also observed in vivo when breast cancer
cell variants (MDA-MB-231) with tropism for either lung or bone injected in nude mice gave
rise to hybrids capable of metastases to both organs [32]. Moreover, fusion was detected when
freshly-mixed lung cancer cells and MSCs were xenografted by subcutaneous injection into nonobese
diabetic severe combined immunodeficient (NOD/SCID) mice [36]. The hybrids formed acquired
epithelial-to-mesenchymal (EMT) properties and increased motility and invasiveness. They also
displayed stem cell markers and were found to contribute to highly-malignant subpopulations
enriched for lung cancer-initiating cells [36]. Additionally, cells of a melanoma clone (wild type
for tyrosinase, C/C) implanted into BALB/c nu/nu mice (homozygous mutation for albino tyrosinase,
c/c) developed massive pulmonary metastases a few weeks later. Analysis of chromosomes of cells
from the metastatic tumors showed that most clones had acquired the c allele (the same as that
of the BALB/c recipient), while maintaining the C allele. Thus, lung metastases were comprised
primarily of host-tumor hybrids; interestingly, these hybrids expressed the same traits of enhanced
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motility and MSH/BMX responsiveness as in vitro-derived melanoma-macrophage hybrids [38].
The motility-associated integrin subunits α2, α3, α5, α6, αv, β1, and β3—which are involved
with the migration of leucocytes and cancer cells—were significantly upregulated in metastatic
macrophage-melanoma hybrids compared with parental melanoma cells. They also produced high
levels of β1,6-branched oligosaccharides—predictors of poor survival in patients with melanoma
or carcinomas of the breast, lung, and colon [39,40]. A more recent study also indicated that fusion
between cancer cells (ovarian and lung) and hematopoietic cells of the myeloid lineage gave rise to
hybrids expressing significantly higher levels of the promigratory marker C-X-C chemokine receptor
type 4 (CXCR4) that was conferred by the parental myeloid cells [23].

Collectively, the increase in motility-associated integrin subunits and CXCR4 levels in hybrids
might equip them with superior migratory potential and help their dissemination to various
secondary organs, and therefore explain how fusion could provide a means by which adherent
cancer cells acquire new qualities necessary to form metastases (i.e., enhanced motility and matrix
degradation) under conditions conducive to hematopoietic survival, and later resume tumor-like
activities (i.e., rapid proliferation) under conditions conducive to epithelial survival. Another potent
example of cancer cell fusion-driven metastasis is the study by Li et al. [41] that showed that human
hepatocellular carcinoma cells with low metastatic potential exhibited significantly increased metastatic
potential following fusion with MSCs, as proven by the gross examination of tumors. The parental
hepatocellular carcinoma cells induced well-differentiated noninvasive tumors, whereas fused cells
induced poorly-differentiated and invasive tumors when implanted in mouse liver.

Clinical studies have also confirmed the presence of cell fusion in tumors. This was first
demonstrated in patients who had received hematopoietic stem cell transplantation and later on
developed tumors showing evidence of donor genes in their cells [42,43]. Other discoveries in cancer
patients of circulating tumor cells expressing both carcinoma and leucocyte cell markers also points to
fusion events between bone marrow-derived cells and tumor cells [25,44,45]. More recently, a study
found macrophage-melanoma hybrids in the peripheral blood of patients with cutaneous melanomas.
The study further demonstrated that those hybrids, when transplanted subcutaneously in nude mice,
produced metastatic lesions at distant sites [46]. Those hybrids in patients’ peripheral blood might
have been on their way to distant sites to develop metastases. Another recent report used short tandem
repeat length-polymorphism and forensic genetic techniques to show that a metastatic melanoma
lesion in a patient arose from the fusion between a tumor cell and a bone marrow-derived cell that the
patient received as a transplant [47]. Xu et al. [36] also proposed that, after fusion between cancer cells
and bone marrow-derived cells, the hybrids undergo EMT that facilitates their migration and invasion
and also the acquisition of stem cell-like properties that enhance tumorigenicity and the ability to
metastasize. As time goes by, however, those hybrids reacquire epithelia-like morphology by a process
termed mesenchymal-epithelial transition, or MET. Thus, cell fusion could encompass or account for
both the first transition from cell–cell or cell–matrix bound to unattached, and the second transition
from blood transit to proliferation at the point of metastasis. However, although cancer cell fusion
is seen in cancer patients and some metastases, and though it represents an attractive mechanism to
explain the process of metastasis, it has yet to be clearly demonstrated in vivo that cancer cell fusion in
the primary tumor is at the origin of metastasis.

3. Cancer Cell Fusion and Tumor Heterogeneity

Cancer is a clinically and genomically heterogeneous disease (reviewed in [48]). This heterogeneity
is observed between tumors as well as within individual tumors [49]. This diversity in the populations
of tumor cells is thought to be responsible for the emergence of subpopulations resistant to treatment
and the development of metastasis. Although the origin of heterogeneity in a given patient is likely
multifaceted, fusion between tumor cells and cells of the tumor microenvironment might represent
a key mechanism generating the critical population diversity needed to evolve resistance to therapy
and metastasis. Studies have suggested that the fusion of cells in general (and fusion between
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cancer cells and cells of the tumor microenvironment especially) is a means to generate widespread
genetic and epigenetic diversity [19,27,38,40,50–52]. Diversity created in this way could rapidly
enhance the formation, propagation, and metastasis of tumor cells, or quickly alter drug sensitivity.
Close examination of the heterogeneity generated by the heterotypic formation of stromal cell–breast
cancer cell hybrids indicated that hybrids exhibited mixed gene expression profiles and could undergo
DNA ploidy reduction and morphologic switching from mesenchymal-like to breast carcinoma-like.
In addition, analysis of coding single-nucleotide polymorphisms by RNA sequencing revealed genetic
contributions from both fusion partners to primary tumors and metastasis [22].

A recent study proposed a potent explanation of cell fusion-driven heterogeneity and metastasis
mechanism. Zhou et al. [53], used normal intestinal crypt epithelial cells from rats to demonstrate that
cell fusion generates populations of cells in which about 1 of 200 could form tumors. In addition, fusion
engenders aneuploidy, DNA damage, phenotypic heterogeneity, transformation, and the capacity to
form tumors, and these properties were established immediately or within a few cell divisions after
the fusion event. They found that tumors formed after the implantation of fusion-derived clones
obtained from the same parental line exhibited distinct rates of growth and histology. Some of the
clones generated rapidly-growing high-grade undifferentiated tumors, whereas other clones formed
slowly-growing moderately differentiated tumors exhibiting a high degree of invasiveness. Overall,
these studies support the premise that cell fusion events induce increases in genetically diversified
cell populations.

4. Cancer Cell Fusion and Chemoresistance

The diversity of tumor cell populations could account for the drug susceptibility found to be
altered in hybrids. Hybrids formed between parental breast cancer cells (MCF-7) with and without
resistance to doxyrubicin were heterogeneous in nature; some exhibiting resistance, and others not [54].
Similarly, hybrids derived from breast epithelial cells (M13SV1-EGFP-Neo) and breast cancer cells
(MDA-MB-435-Hyg) showed altered sensitivity to the phosphoinositide 3-kinase (PI3K) inhibitor
Ly294002 as a consequence of differential RAF-AKT (Rapidly Accelerated Fibrosarcoma-Akt) crosstalk
among hybrids [31]. Moreover, studies by Wang [55] showed that the fusion of stem cells and liver
cancer cells generated hybrids which were highly tumorigenic and chemoresistant compared with
the parental hepatocellular carcinoma cells. Co-cultivation of mouse bone marrow-derived cells and
murine 67NR mammary carcinoma cells resulted in the origin of cells exhibiting markedly increased
expression levels of the ABC multidrug resistance transporters Abcb1a and Abcb1b, associated with an
enhanced resistance towards chemotherapeutic drugs [35]. Thus, the fusion theory offers a compelling
explanation for the tumor heterogeneity-driven emergence of cells resistant to chemotherapeutics.

Early detection of the sub-population of treatment resistant and/or metastasis-prone cancer
cells and the characterization of residual metastatic cancers would significantly improve cancer
management, as it would direct the course of treatment appropriate for the patient. Precision medicine
and personalized therapy based on the identification of the molecular drivers of cancer by genome
sequencing has been proposed as a strategy to overcome the effects of tumor heterogeneity on
metastasis [48,49,56]. This approach has been proven beneficial in various cancers (chronic myeloid
leukemia, breast, melanoma, colorectal, and others; reviewed in [57]), however targeted cancer cells
can quickly develop resistance to the drug. In addition, not all types of cancer have personalized
treatment, and are still under exploration as cutting-edge tools and technologies are developed to
identify critical targets implicated in their progression. Another limitation of precision medicine is
that not all identified targets that modulate cancer progression are druggable. Moreover, there are a
large number of genomic and epigenomic aberrations that have been discovered in cancer. It would be
extremely expensive to try to develop targeted therapy for each of those aberrations. Targeted therapy
attacks tumor heterogeneity after it is established. However, tackling tumor heterogeneity before
inception could represent a more advantageous approach. This could be achieved by preventing cancer
cell fusion. Molecular mechanics of hybrid formation could therefore present prime targets, and might
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include (1) members of pathways that facilitate close apposition of cell membranes of fusing partners;
(2) specific cell surface receptors involved in cell–cell contact-induced fusion; (3) members of pathways
that govern the integration of parental fusion partner genes into hybrid genomes; (4) epigenetic
modifications enabling transcript expression of hybrid genomes; and even (5) immune modulation to
disable or enhance macrophage fusion [58].

5. Potential Molecular Mechanisms and Signaling Pathways Driving Cancer Cell Fusion

The mechanisms governing cancer cell fusion are still underexplored, and this review represents
a call for increased study in this area. Here we consider elements that have been unraveled and
consider their possible interplay to facilitate tumor cell fusion. Our studies showed that fusion
between MSCs and breast tumor cells was significantly increased in hypoxic condition, and was
regulated by a mechanism involving apoptosis. We found that the inhibition of apoptosis reduced
cell fusion, whereas the addition of apoptotic cells to co-cultures could significantly enhance
fusion [34]. A previous work also identified apoptotic cells as a new type of cue that promotes
fusion of myoblasts by inducing signaling via the phosphatidylserine receptor BAI1 (brain specific
angiogenesis inhibitor 1) pathway [59]. Myoblasts and macrophages have been shown to use some
of the same molecular components in fusion, and in these studies, activation of BAI1 triggers
ELMO/Dock180/Rac1-associated pathways [60].

ELMO/Dock180/Rac proteins are a conserved signaling module for the promotion of the
internalization of apoptotic cell corpses. ELMO and Dock180 function together as a guanine nucleotide
exchange factor (GEF) for the small GTPase Rac, and thereby regulate the phagocyte actin cytoskeleton
during engulfment [61]. BAI1 was identified as a receptor upstream of ELMO, and as a receptor that can
bind PtdSer on apoptotic cells. BAI1 forms a trimeric complex with ELMO and Dock180, and functional
studies suggest that BAI1 cooperates with ELMO/Dock180/Rac to promote the maximal engulfment
of apoptotic cells. Decreased BAI1 expression or interference with BAI1 function was shown to inhibit
the engulfment of apoptotic targets ex vivo and in vivo. Thus, BAI1 is a PtdSer recognition receptor
that can directly recruit a Rac-GEF complex to mediate the uptake of apoptotic cells [62]. ELMO and
Dock180 are overexpressed in breast cancer cell lines [63]. Activation of the ELMO-Dock signaling
pathway has also been shown to be involved in breast cancer metastasis [63,64]. Moreover, ELMO1 has
been identified as a modifier of breast cancer risk for BRCA mutation carriers [65]. Rac1 was shown to
be overexpressed in proliferative breast disease, pre-invasive and invasive breast carcinoma, as well as
lymph node metastases [66,67]. It was also shown to be implicated in the molecular mechanism of
cancer metastasis driven by episodes of hypoxia and re-oxygenation [68], and its overexpression was
found to be associated with the aggressive form of breast cancer [67,69]. Rac1 is a member of the Ras
superfamily of small guanosine triphosphatases (GTPases) that acts as molecular switches to control
cytoskeletal rearrangements and cell growth. Rac1 activity, as a modulator of the cytoskeleton, is critical
for a number of normal cellular activities, including phagocytosis, mesenchymal-like migration,
axonal growth, adhesion and differentiation of multiple cell types, as well as reactive oxygen species
(ROS)-mediated cell killing (reviewed in [70]). Rac1 also plays a major role in the moderation of other
signaling pathways involved in cellular growth and cell cycle regulation [71], the formation of cell–cell
adhesions [72], and the process of contact inhibition [73]. These Rac1-mediated activities appear
central to the processes that underlie malignant transformation, including tumorigenesis, angiogenesis,
invasion, and metastasis. Building on the role of the cytoskeleton in cell fusion, a recent study in
drosophila showed that cell fusion was driven by the mechanical tension of cell membranes [74].
They demonstrated that, during cell–cell fusion, the receiving fusion partner mounts a non-muscle
Myosin II (MyoII)-mediated mechanosensory response to the invasive force from the attacking cell.
MyoII is recruited to the fusogenic synapse because of its intrinsic ability to sense mechanical strains
in the actin network, whereas chemical signaling from membrane-associated molecules Rho and Rok
increased the amount of activated MyoII to amplify the response. The accumulated MyoII generated
cortical tension required to resist podosome-like structure invasion, thereby promoting membrane
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juxtaposition and fusion [74]. The possible mechanistic link between apoptosis and cytoskeletal
activation to encourage fusion is delineated in Figure 1. Taken together, one could identify therapeutic
targets that may be less promiscuous than directly tapping the cytoskeleton, but still potentially
successful in limiting cell–cell fusion in the tumor bed.
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Figure 1. Unraveling and targeting mechanisms of cancer cell fusion. (a) Tumor cells and 
mesenchymal stem cells (MSCs) are capable of spontaneous fusion, which is augmented with 
hypoxia; (b) Fusion in hypoxic conditions can be facilitated by the engagement of the exposed 
phosphatidyl serine (PtdSer) of apoptotic cells with PtdSer receptors (PtdSerR) on tumor cells or 
MSCs. Engagement of this type facilitates podosome formation that ultimately leads to robust 
activation of the F actin of the attacking fusion partner and MyoII of the receiving cell; (c) Green 
arrows indicate resisting forces from the actomyosin network, and black arrows indicate pushing 
forces from invasive protrusions of the attacking cell; (d) Hybrids formed in this way represent an 
accelerated evolution of sorts, sometimes giving rise to cells with enhanced metastatic potential or the 
ability to resist drug treatment. Inhibiting the engagement of apoptotic cells via PtdSer represents one 
potential therapeutic approach to the prevention of tumor cell fusion. 

While cell fusion is observed in various pathological conditions, it is also a fundamental 
requirement in numerous developmental and physiological processes in eukaryotes. These processes 
include the homotypic fusion of myoblasts, trophoblasts [75], and macrophages [75,76], as well as the 
heterotypic fusion of gametes [75]. Inhibiting cancer cell fusion could be harmful for these naturally 
occurring processes, and should be considered while devising treatment to inhibit cancer cell fusion 
and prevent metastasis. Inhibitors of fusion should be cell-specific to target only the tumor bulk, be 
delivered and sequestered locally, or used at a dose that is not toxic for the normal biological events. 

As we learn more of the processes involved in cell fusion in cancer, better strategies should 
emerge for targeting critical steps in fusion and hybrid formation for the prevention of metastasis 
and better cancer management. Given the growing body of observational studies linking spontaneous 
fusion and cancer progression, there is valid evidence to justify pushing the field forward by way of 
mechanistic studies. As a result, the effective inhibition of fusion might be formally tested as a means 
to avoid tumor metastasis and drug resistance. 
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Figure 1. Unraveling and targeting mechanisms of cancer cell fusion. (a) Tumor cells and mesenchymal
stem cells (MSCs) are capable of spontaneous fusion, which is augmented with hypoxia; (b) Fusion in
hypoxic conditions can be facilitated by the engagement of the exposed phosphatidyl serine (PtdSer)
of apoptotic cells with PtdSer receptors (PtdSerR) on tumor cells or MSCs. Engagement of this type
facilitates podosome formation that ultimately leads to robust activation of the F actin of the attacking
fusion partner and MyoII of the receiving cell; (c) Green arrows indicate resisting forces from the
actomyosin network, and black arrows indicate pushing forces from invasive protrusions of the
attacking cell; (d) Hybrids formed in this way represent an accelerated evolution of sorts, sometimes
giving rise to cells with enhanced metastatic potential or the ability to resist drug treatment. Inhibiting
the engagement of apoptotic cells via PtdSer represents one potential therapeutic approach to the
prevention of tumor cell fusion.

While cell fusion is observed in various pathological conditions, it is also a fundamental
requirement in numerous developmental and physiological processes in eukaryotes. These processes
include the homotypic fusion of myoblasts, trophoblasts [75], and macrophages [75,76], as well as the
heterotypic fusion of gametes [75]. Inhibiting cancer cell fusion could be harmful for these naturally
occurring processes, and should be considered while devising treatment to inhibit cancer cell fusion
and prevent metastasis. Inhibitors of fusion should be cell-specific to target only the tumor bulk,
be delivered and sequestered locally, or used at a dose that is not toxic for the normal biological events.

As we learn more of the processes involved in cell fusion in cancer, better strategies should emerge
for targeting critical steps in fusion and hybrid formation for the prevention of metastasis and better
cancer management. Given the growing body of observational studies linking spontaneous fusion and
cancer progression, there is valid evidence to justify pushing the field forward by way of mechanistic
studies. As a result, the effective inhibition of fusion might be formally tested as a means to avoid
tumor metastasis and drug resistance.

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

References

1. Stephens, P.J.; Tarpey, P.S.; Davies, H.; van Loo, P.; Greenman, C.; Wedge, D.C.; Nik-Zainal, S.; Martin, S.;
Varela, I.; Bignell, G.R.; et al. The landscape of cancer genes and mutational processes in breast cancer. Nature
2012, 486, 400–404. [CrossRef] [PubMed]

2. Curtis, C.; Shah, S.P.; Chin, S.F.; Turashvili, G.; Rueda, O.M.; Dunning, M.J.; Speed, D.; Lynch, A.G.;
Samarajiwa, S.; Yuan, Y.; et al. The genomic and transcriptomic architecture of 2000 breast tumours reveals
novel subgroups. Nature 2012, 486, 346–352. [PubMed]

3. Elsheikh, S.E.; Green, A.R.; Rakha, E.A.; Powe, D.G.; Ahmed, R.A.; Collins, H.M.; Soria, D.; Garibaldi, J.M.;
Paish, C.E.; Ammar, A.A.; et al. Global histone modifications in breast cancer correlate with tumor
phenotypes, prognostic factors, and patient outcome. Cancer Res. 2009, 69, 3802–3809. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature11017
http://www.ncbi.nlm.nih.gov/pubmed/22722201
http://www.ncbi.nlm.nih.gov/pubmed/22522925
http://dx.doi.org/10.1158/0008-5472.CAN-08-3907
http://www.ncbi.nlm.nih.gov/pubmed/19366799


Int. J. Mol. Sci. 2016, 17, 1587 7 of 10

4. Byler, S.; Goldgar, S.; Heerboth, S.; Leary, M.; Housman, G.; Moulton, K.; Sarkar, S. Genetic and epigenetic
aspects of breast cancer progression and therapy. Anticancer Res. 2014, 34, 1071–1077. [PubMed]

5. Rodenhiser, D.I.; Andrews, J.; Kennette, W.; Sadikovic, B.; Mendlowitz, A.; Tuck, A.B.; Chambers, A.F.
Epigenetic mapping and functional analysis in a breast cancer metastasis model using whole-genome
promoter tiling microarrays. Breast Cancer Res. 2008, 10, R62. [CrossRef] [PubMed]

6. Ding, L.; Ellis, M.J.; Li, S.; Larson, D.E.; Chen, K.; Wallis, J.W.; Harris, C.C.; McLellan, M.D.; Fulton, R.S.;
Fulton, L.L.; et al. Genome remodelling in a basal-like breast cancer metastasis and xenograft. Nature 2010,
464, 999–1005. [CrossRef] [PubMed]

7. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and
disease. Cell 2009, 139, 871–890. [CrossRef] [PubMed]

8. Wang, Y.; Zhou, B.P. Epithelial-mesenchymal transition—A hallmark of breast cancer metastasis.
Cancer Hallm. 2013, 1, 38–49. [CrossRef] [PubMed]

9. Friedl, P.; Zallen, J.A. Dynamics of cell-cell and cell-matrix interactions in morphogenesis, regeneration and
cancer. Curr. Opin. Cell Biol. 2010, 22, 557–559. [CrossRef] [PubMed]

10. Nguyen-Ngoc, K.V.; Cheung, K.J.; Brenot, A.; Shamir, E.R.; Gray, R.S.; Hines, W.C.; Yaswen, P.; Werb, Z.;
Ewald, A.J. ECM microenvironment regulates collective migration and local dissemination in normal and
malignant mammary epithelium. Proc. Natl. Acad. Sci. USA 2012, 109, E2595–E2604. [CrossRef] [PubMed]

11. Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; Wells, M.N.;
Shah, A.M. Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal
composition. Science 2013, 339, 580–584. [CrossRef]

12. Chatterjee, S.; Damle, S.G.; Sharma, A.K. Mechanisms of resistance against cancer therapeutic drugs.
Curr. Pharm. Biotechnol. 2014, 15, 1105–1112. [CrossRef]

13. Velasco-Velazquez, M.A.; Homsi, N.; de La Fuente, M.; Pestell, R.G. Breast cancer stem cells. Int. J. Biochem.
Cell Biol. 2012, 44, 573–577. [CrossRef]

14. Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of
tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [CrossRef] [PubMed]

15. Ponti, D.; Costa, A.; Zaffaroni, N.; Pratesi, G.; Petrangolini, G.; Coradini, D.; Pilotti, S.; Pierotti, M.A.;
Daidone, M.G. Isolation and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor
cell properties. Cancer Res. 2005, 65, 5506–5511. [CrossRef] [PubMed]

16. Ginestier, C.; Korkaya, H.; Dontu, G.; Birnbaum, D.; Wicha, M.S.; Charafe-Jauffret, E. The cancer stem cell:
The breast cancer driver. Med. Sci. 2007, 23, 1133–1139.

17. Morel, A.P.; Lievre, M.; Thomas, C.; Hinkal, G.; Ansieau, S.; Puisieux, A. Generation of breast cancer stem
cells through epithelial-mesenchymal transition. PLoS ONE 2008, 3, e2888. [CrossRef] [PubMed]

18. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.;
Shipitsin, M.; et al. The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell
2008, 133, 704–715. [CrossRef] [PubMed]

19. Aichel, O. Über Zellverschmelzung mit Qualitativ Abnormer Chromosomenverteilung als Ursache der
Geschwulstbildung. In Vorträge und Aufsätze über Entwicklungsmechanik der Organismen; Engelmann: Leipzig,
Germany, 1911; p. 115S.

20. Mekler, L.B. Creation of antineoplastic preparations on the basis of the theory of organ-tissue mosaicism of
malignant cells. Farmakol. Toksikol. 1971, 34, 713–718. [PubMed]

21. Goldenberg, D.M.; Pavia, R.A.; Tsao, M.C. In vivo hybridisation of human tumour and normal hamster cells.
Nature 1974, 250, 649–651. [CrossRef] [PubMed]

22. 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]

23. 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] [PubMed]

24. Pawelek, J.M. Fusion of bone marrow-derived cells with cancer cells: Metastasis as a secondary disease in
cancer. Chin. J. Cancer 2014, 33, 133–139. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/24596345
http://dx.doi.org/10.1186/bcr2121
http://www.ncbi.nlm.nih.gov/pubmed/18638373
http://dx.doi.org/10.1038/nature08989
http://www.ncbi.nlm.nih.gov/pubmed/20393555
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19945376
http://dx.doi.org/10.1166/ch.2013.1004
http://www.ncbi.nlm.nih.gov/pubmed/24611128
http://dx.doi.org/10.1016/j.ceb.2010.08.024
http://www.ncbi.nlm.nih.gov/pubmed/20850290
http://dx.doi.org/10.1073/pnas.1212834109
http://www.ncbi.nlm.nih.gov/pubmed/22923691
http://dx.doi.org/10.1126/science.1228522
http://dx.doi.org/10.2174/1389201015666141126123952
http://dx.doi.org/10.1016/j.biocel.2011.12.020
http://dx.doi.org/10.1073/pnas.0530291100
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://dx.doi.org/10.1158/0008-5472.CAN-05-0626
http://www.ncbi.nlm.nih.gov/pubmed/15994920
http://dx.doi.org/10.1371/journal.pone.0002888
http://www.ncbi.nlm.nih.gov/pubmed/18682804
http://dx.doi.org/10.1016/j.cell.2008.03.027
http://www.ncbi.nlm.nih.gov/pubmed/18485877
http://www.ncbi.nlm.nih.gov/pubmed/5139796
http://dx.doi.org/10.1038/250649a0
http://www.ncbi.nlm.nih.gov/pubmed/4859359
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-13-0896
http://www.ncbi.nlm.nih.gov/pubmed/23856249
http://dx.doi.org/10.5732/cjc.013.10243
http://www.ncbi.nlm.nih.gov/pubmed/24589183


Int. J. Mol. Sci. 2016, 17, 1587 8 of 10

25. 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 Transpl. 2004, 34, 183–186.
[CrossRef] [PubMed]

26. Sodi, S.A.; Chakraborty, A.; Platt, J.; Kolesnikova, N.; Rosemblat, S.; Keh-Yen, A.; Bolognia, J.; Rachkovsky, M.;
Orlow, S.; Pawelek, J. Melanoma x macrophage fusion hybrids acquire increased melanogenesis and
metastatic potential: Altered N-glycosylation as an underlying mechanism. Pigment Cell Res. 1998, 11,
299–309. [CrossRef] [PubMed]

27. Pawelek, J.M.; Chakraborty, A.K. The cancer cell—Leukocyte fusion theory of metastasis. Adv. Cancer Res.
2008, 101, 397–444. [PubMed]

28. Berndt, B.; Haverkampf, S.; Reith, G.; Keil, S.; Niggemann, B.; Zanker, K.S.; Dittmar, T. Fusion of CCL21
non-migratory active breast epithelial and breast cancer cells give rise to CCL21 migratory active tumor
hybrid cell lines. PLoS ONE 2013, 8, e63711. [CrossRef] [PubMed]

29. Berndt, B.; Zanker, K.S.; Dittmar, T. Cell fusion is a potent inducer of aneuploidy and drug resistance in
tumor cell/normal cell hybrids. Crit. Rev. Oncog. 2013, 18, 97–113. [CrossRef] [PubMed]

30. 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]

31. 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] [PubMed]

32. 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] [PubMed]

33. Mortensen, K.; Lichtenberg, J.; Thomsen, P.; Larsson, L.I. Spontaneous fusion between cancer cells and
endothelial cells. Cell. Mol. Life Sci. 2004, 61, 2125–2131. [CrossRef] [PubMed]

34. 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, 29, 4036–4045. [CrossRef] [PubMed]

35. Nagler, C.; Zanker, K.S.; Dittmar, T. Cell fusion, drug resistance and recurrence CSCs. Adv. Exp. Med. Biol.
2011, 714, 173–182. [PubMed]

36. Xu, M.H.; Gao, X.; Luo, D.; Zhou, X.D.; Xiong, W.; Liu, G.X. EMT and acquisition of stem cell-like
properties are involved in spontaneous formation of tumorigenic hybrids between lung cancer and bone
marrow-derived mesenchymal stem cells. PLoS ONE 2014, 9, e87893. [CrossRef] [PubMed]

37. McArdle, T.J.O.B.; Noubissi, F.K. An in vitro inverted vertical invasion assay to avoid manipulation of rare
or sensitive cell types. J. Cancer 2016. [CrossRef]

38. Chakraborty, A.K.; Sodi, S.; Rachkovsky, M.; Kolesnikova, N.; Platt, J.T.; Bolognia, J.L.; Pawelek, J.M.
A spontaneous murine melanoma lung metastasis comprised of host X tumor hybrids. Cancer Res. 2000, 60,
2512–2519. [PubMed]

39. Chakraborty, A.K.; Pawelek, J.; Ikeda, Y.; Miyoshi, E.; Kolesnikova, N.; Funasaka, Y.;
Ichihashi, M.; Taniguchi, N. Fusion hybrids with macrophage and melanoma cells up-regulate
N-acetylglucosaminyltransferase V, β1-6 branching, and metastasis. Cell Growth Differ. 2001, 12, 623–630.
[PubMed]

40. Pawelek, J.M. Cancer-cell fusion with migratory bone-marrow-derived cells as an explanation for metastasis:
New therapeutic paradigms. Future Oncol. 2008, 4, 449–452. [CrossRef] [PubMed]

41. Li, H.; Feng, Z.; Tsang, T.C.; Tang, T.; Jia, X.; He, X.; Pennington, M.E.; Badowski, M.S.; Liu, A.K.;
Chen, D.; et al. Fusion of HepG2 cells with mesenchymal stem cells increases cancerassociated and malignant
properties: An in vivo metastasis model. Oncol. Rep. 2014, 32, 539–547. [PubMed]

42. Varley, K.E.; Mutch, D.G.; Edmonston, T.B.; Goodfellow, P.J.; Mitra, R.D. Intra-tumor heterogeneity of MLH1
promoter methylation revealed by deep single molecule bisulfite sequencing. Nucleic Acids Res. 2009, 37,
4603–4612. [CrossRef] [PubMed]

43. Mekler, L.B. Hybridization of transformed cells with lymphocytes as 1 of the probable causes of the
progression leading to the development of metastatic malignant cells. Vestnik Akad. Med. Nauk SSSR
1971, 26, 80–89.

http://dx.doi.org/10.1038/sj.bmt.1704547
http://www.ncbi.nlm.nih.gov/pubmed/15195072
http://dx.doi.org/10.1111/j.1600-0749.1998.tb00739.x
http://www.ncbi.nlm.nih.gov/pubmed/9877101
http://www.ncbi.nlm.nih.gov/pubmed/19055949
http://dx.doi.org/10.1371/journal.pone.0063711
http://www.ncbi.nlm.nih.gov/pubmed/23667660
http://dx.doi.org/10.1615/CritRevOncog.v18.i1-2.60
http://www.ncbi.nlm.nih.gov/pubmed/23237554
http://dx.doi.org/10.1007/s10585-010-9359-3
http://www.ncbi.nlm.nih.gov/pubmed/20981475
http://dx.doi.org/10.1186/1478-811X-10-10
http://www.ncbi.nlm.nih.gov/pubmed/22487193
http://dx.doi.org/10.1073/pnas.0900108106
http://www.ncbi.nlm.nih.gov/pubmed/19458257
http://dx.doi.org/10.1007/s00018-004-4200-2
http://www.ncbi.nlm.nih.gov/pubmed/15316661
http://dx.doi.org/10.1096/fj.15-271098
http://www.ncbi.nlm.nih.gov/pubmed/26085132
http://www.ncbi.nlm.nih.gov/pubmed/21506014
http://dx.doi.org/10.1371/journal.pone.0087893
http://www.ncbi.nlm.nih.gov/pubmed/24516569
http://dx.doi.org/10.1186/1471-2407-9-415
http://www.ncbi.nlm.nih.gov/pubmed/10811133
http://www.ncbi.nlm.nih.gov/pubmed/11751457
http://dx.doi.org/10.2217/14796694.4.4.449
http://www.ncbi.nlm.nih.gov/pubmed/18684055
http://www.ncbi.nlm.nih.gov/pubmed/24926698
http://dx.doi.org/10.1093/nar/gkp457
http://www.ncbi.nlm.nih.gov/pubmed/19494183


Int. J. Mol. Sci. 2016, 17, 1587 9 of 10

44. 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]

45. 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 Transpl. 2005,
35, 1021–1024. [CrossRef] [PubMed]

46. 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, e0134320. [CrossRef] [PubMed]

47. 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]

48. Collisson, E.A.; Cho, R.J.; Gray, J.W. What are we learning from the cancer genome? Nat. Rev. Clin. Oncol.
2012, 9, 621–630. [CrossRef] [PubMed]

49. Russnes, H.G.; Navin, N.; Hicks, J.; Borresen-Dale, A.L. Insight into the heterogeneity of breast cancer
through next-generation sequencing. J. Clin. Investig. 2011, 121, 3810–3818. [CrossRef] [PubMed]

50. 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]
[PubMed]

51. Mohr, M.; Zaenker, K.S.; Dittmar, T. Fusion in cancer: An explanatory model for aneuploidy, metastasis
formation, and drug resistance. Methods Mol. Biol. 2015, 1313, 21–40.

52. Freeman, B.T.; Jung, J.P.; Ogle, B.M. Single-cell RNA-seq reveals activation of unique gene groups as a
consequence of stem cell-parenchymal cell fusion. Sci. Rep. 2016, 6, 23270. [CrossRef] [PubMed]

53. 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]

54. Yang, J.Y.; Ha, S.A.; Yang, Y.S.; Kim, J.W. p-Glycoprotein ABCB5 and YB-1 expression plays a role in increased
heterogeneity of breast cancer cells: Correlations with cell fusion and doxorubicin resistance. BMC Cancer
2010, 10, 388. [CrossRef] [PubMed]

55. 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 2015, 16, 56. [CrossRef] [PubMed]

56. Butler, T.M.; Johnson-Camacho, K.; Peto, M.; Wang, N.J.; Macey, T.A.; Korkola, J.E.; Koppie, T.M.;
Corless, C.L.; Gray, J.W.; Spellman, P.T. Exome Sequencing of cell-free DNA from metastatic cancer patients
identifies clinically actionable mutations distinct from primary disease. PLoS ONE 2015, 10, e0136407.
[CrossRef] [PubMed]

57. Garay, J.P.; Gray, J.W. Omics and therapy—A basis for precision medicine. Mol. Oncol. 2012, 6, 128–139.
[CrossRef] [PubMed]

58. Maisel, D.; Birzele, F.; Voss, E.; Nopora, A.; Bader, S.; Friess, T.; Goller, B.; Laifenfeld, D.; Weigand, S.; Runza, V.
Targeting tumor cells with anti-CD44 antibody triggers macrophage-mediated immune modulatory effects
in a cancer xenograft model. PLoS ONE 2016, 11, e0159716. [CrossRef] [PubMed]

59. Hochreiter-Hufford, A.E.; Lee, C.S.; Kinchen, J.M.; Sokolowski, J.D.; Arandjelovic, S.; Call, J.A.; Klibanov, A.L.;
Yan, Z.; Mandell, J.W.; Ravichandran, K.S. Phosphatidylserine receptor BAI1 and apoptotic cells as new
promoters of myoblast fusion. Nature 2013, 497, 263–267. [CrossRef] [PubMed]

60. Pajcini, K.V.; Pomerantz, J.H.; Alkan, O.; Doyonnas, R.; Blau, H.M. Myoblasts and macrophages share
molecular components that contribute to cell–cell fusion. J. Cell Biol. 2008, 180, 1005–1019. [CrossRef]
[PubMed]

61. Lu, M.; Ravichandran, K.S. Dock180-ELMO cooperation in Rac activation. Methods Enzymol. 2006, 406,
388–402. [PubMed]

62. Park, D.; Tosello-Trampont, A.C.; Elliott, M.R.; Lu, M.; Haney, L.B.; Ma, Z.; Klibanov, A.L.; Mandell, J.W.;
Ravichandran, K.S. BAI1 is an engulfment receptor for apoptotic cells upstream of the ELMO/Dock180/Rac
module. Nature 2007, 450, 430–434. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/path.2078
http://www.ncbi.nlm.nih.gov/pubmed/17083146
http://dx.doi.org/10.1038/sj.bmt.1704939
http://www.ncbi.nlm.nih.gov/pubmed/15778726
http://dx.doi.org/10.1371/journal.pone.0134320
http://www.ncbi.nlm.nih.gov/pubmed/26267609
http://dx.doi.org/10.1371/journal.pone.0066731
http://dx.doi.org/10.1038/nrclinonc.2012.159
http://www.ncbi.nlm.nih.gov/pubmed/22965149
http://dx.doi.org/10.1172/JCI57088
http://www.ncbi.nlm.nih.gov/pubmed/21965338
http://dx.doi.org/10.1016/j.cub.2007.01.049
http://www.ncbi.nlm.nih.gov/pubmed/17320392
http://dx.doi.org/10.1038/srep23270
http://www.ncbi.nlm.nih.gov/pubmed/26997336
http://dx.doi.org/10.1016/j.ajpath.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/26066710
http://dx.doi.org/10.1186/1471-2407-10-388
http://www.ncbi.nlm.nih.gov/pubmed/20649952
http://dx.doi.org/10.1186/s12885-016-2094-7
http://www.ncbi.nlm.nih.gov/pubmed/26846780
http://dx.doi.org/10.1371/journal.pone.0136407
http://www.ncbi.nlm.nih.gov/pubmed/26317216
http://dx.doi.org/10.1016/j.molonc.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22445068
http://dx.doi.org/10.1371/journal.pone.0159716
http://www.ncbi.nlm.nih.gov/pubmed/27463372
http://dx.doi.org/10.1038/nature12135
http://www.ncbi.nlm.nih.gov/pubmed/23615608
http://dx.doi.org/10.1083/jcb.200707191
http://www.ncbi.nlm.nih.gov/pubmed/18332221
http://www.ncbi.nlm.nih.gov/pubmed/16472672
http://dx.doi.org/10.1038/nature06329
http://www.ncbi.nlm.nih.gov/pubmed/17960134


Int. J. Mol. Sci. 2016, 17, 1587 10 of 10

63. Li, H.; Yang, L.; Fu, H.; Yan, J.; Wang, Y.; Guo, H.; Hao, X.; Xu, X.; Jin, T.; Zhang, N. Association
between Galphai2 and ELMO1/Dock180 connects chemokine signalling with Rac activation and metastasis.
Nat. Commun. 2013, 4, 1706. [CrossRef] [PubMed]

64. Abu-Thuraia, A.; Gauthier, R.; Chidiac, R.; Fukui, Y.; Screaton, R.A.; Gratton, J.P.; Cote, J.F. Axl phosphorylates
Elmo scaffold proteins to promote Rac activation and cell invasion. Mol. Cell. Biol. 2015, 35, 76–87. [CrossRef]
[PubMed]

65. Walker, L.C.; Spurdle, A.B. Prioritizing candidate genetic modifiers of BRCA1 and BRCA2 using a
combinatorial analysis of global expression and polymorphism association studies of breast cancer.
Methods Mol. Biol. 2010, 653, 23–34. [PubMed]

66. Feng, H.; Hu, B.; Vuori, K.; Sarkaria, J.N.; Furnari, F.B.; Cavenee, W.K.; Cheng, S.Y. EGFRvIII stimulates
glioma growth and invasion through PKA-dependent serine phosphorylation of Dock180. Oncogene 2014,
33, 2504–2512. [CrossRef] [PubMed]

67. Bid, H.K.; Roberts, R.D.; Manchanda, P.K.; Houghton, P.J. RAC1: An emerging therapeutic option for
targeting cancer angiogenesis and metastasis. Mol. Cancer Ther. 2013, 12, 1925–1934. [CrossRef] [PubMed]

68. Lee, J.W.; Ryu, Y.K.; Ji, Y.H.; Kang, J.H.; Moon, E.Y. Hypoxia/reoxygenation-experienced cancer cell migration
and metastasis are regulated by Rap1- and Rac1-GTPase activation via the expression of thymosin β-4.
Oncotarget 2015, 6, 9820–9833. [CrossRef] [PubMed]

69. Feng, M.; Bao, Y.; Li, Z.; Li, J.; Gong, M.; Lam, S.; Wang, J.; Marzese, D.M.; Donovan, N.; Tan, E.Y.; et al.
RASAL2 activates RAC1 to promote triple-negative breast cancer progression. J. Clin. Investig. 2014, 124,
5291–5304. [CrossRef] [PubMed]

70. Heasman, S.J.; Ridley, A.J. Mammalian Rho GTPases: New insights into their functions from in vivo studies.
Nat. Rev. Mol. Cell Biol. 2008, 9, 690–701. [CrossRef] [PubMed]

71. Saci, A.; Cantley, L.C.; Carpenter, C.L. Rac1 regulates the activity of mTORC1 and mTORC2 and controls
cellular size. Mol. Cell 2011, 42, 50–61. [CrossRef] [PubMed]

72. Ehrlich, J.S.; Hansen, M.D.; Nelson, W.J. Spatio-temporal regulation of Rac1 localization and lamellipodia
dynamics during epithelial cell-cell adhesion. Dev. Cell 2002, 3, 259–270. [CrossRef]

73. Bosco, E.E.; Nakai, Y.; Hennigan, R.F.; Ratner, N.; Zheng, Y. NF2-deficient cells depend on the Rac1-canonical
Wnt signaling pathway to promote the loss of contact inhibition of proliferation. Oncogene 2010, 29, 2540–2549.
[CrossRef] [PubMed]

74. Kim, J.H.; Ren, Y.; Ng, W.P.; Li, S.; Son, S.; Kee, Y.S.; Zhang, S.; Zhang, G.; Fletcher, D.A.; Robinson, D.N.;
et al. Mechanical tension drives cell membrane fusion. Dev. Cell 2015, 32, 561–573. [CrossRef] [PubMed]

75. 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]

76. Vignery, A. Macrophage fusion: Are somatic and cancer cells possible partners? Trends Cell Biol. 2005, 15,
188–193. [CrossRef] [PubMed]

© 2016 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/10.1038/ncomms2680
http://www.ncbi.nlm.nih.gov/pubmed/23591873
http://dx.doi.org/10.1128/MCB.00764-14
http://www.ncbi.nlm.nih.gov/pubmed/25332238
http://www.ncbi.nlm.nih.gov/pubmed/20721735
http://dx.doi.org/10.1038/onc.2013.198
http://www.ncbi.nlm.nih.gov/pubmed/23728337
http://dx.doi.org/10.1158/1535-7163.MCT-13-0164
http://www.ncbi.nlm.nih.gov/pubmed/24072884
http://dx.doi.org/10.18632/oncotarget.3218
http://www.ncbi.nlm.nih.gov/pubmed/25888632
http://dx.doi.org/10.1172/JCI76711
http://www.ncbi.nlm.nih.gov/pubmed/25384218
http://dx.doi.org/10.1038/nrm2476
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://dx.doi.org/10.1016/j.molcel.2011.03.017
http://www.ncbi.nlm.nih.gov/pubmed/21474067
http://dx.doi.org/10.1016/S1534-5807(02)00216-2
http://dx.doi.org/10.1038/onc.2010.20
http://www.ncbi.nlm.nih.gov/pubmed/20154721
http://dx.doi.org/10.1016/j.devcel.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25684354
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.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/15817374
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cell Fusion and Metastasis 
	Cancer Cell Fusion and Tumor Heterogeneity 
	Cancer Cell Fusion and Chemoresistance 
	Potential Molecular Mechanisms and Signaling Pathways Driving Cancer Cell Fusion 

