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ABSTRACT

The ability of cancer to adapt renders it one of the most challenging pathologies of all time. It is the most dreaded pathological entity because
of its capacity to metastasize to distant sites in the body, and 9o% of all cancer-related deaths recorded to date are attributed to metastasis.
Currently, three main theories have been proposed to explain the metastatic pathway of cancer: the epithelial-mesenchymal transition (EMT)
and mesenchymal—epithelial transition (MET) hypothesis (1), the cancer stem cell hypothesis (2), and the macrophage—cancer cell fusion
hybrid hypothesis (3). We propose a new hypothesis, i.e., under the effect of particular biochemical and/or physical stressors, cancer cells
can undergo nuclear expulsion with subsequent macrophage engulfment and fusion, with the formation of cancer fusion cells (CFCs). The

existence of CFCs, if confirmed, would represent a novel metastatic pathway and a shift in the extant dogma of cancer; consequently, new

treatment targets would be available for this adaptive pathology.
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INTRODUCTION

From bacteria to multicellular and complex organisms,
cancer can be viewed in many ways as a stand-alone entity
that is adaptable and steadfast regarding survival, as observed
for any living organism. The nature of cancer is the nature of
survival. Cancer acts like virulent and lethal viruses, which
eventually kill their host. Approximately 50% of patients diag-
nosed with cancer are eventually cured with the therapeutic
options available currently; however, the remaining 50% of
patients ultimately succumb to the disease [1].

In the seminal article entitled “The Hallmarks of Cancer”
by Hanahan and Weinberg [2] and in the follow-up revision in
“The Next Generation” [3], the authors propose and success-
fully argue that the complexity of cancers can be explained
by rules or more precisely by biological capabilities: sus-
tained proliferative signaling, evasion of growth suppressors,
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resistance against cell death, immortality, induction and main-
tenance of angiogenesis, and activation of invasion and metas-
tasis. These hallmarks are joined by emerging hallmarks, such
as deregulated cellular energetics and evasion from immuno-
surveillance/immune-mediated destruction [2,3]. A precise
definition of what cancer represents can be given by its appar-
ently limitless drive to replicate.

The scientific research drive to combat cancer has never
been more pronounced, with almost 171,000 articles pub-
lished (PubMed) on this subject in the last 10 years, encom-
passing all subdivisions of these investigations from funda-
mental research to clinical trials. Although cancer remains one
of the leading causes of deaths worldwide, all these research
efforts have been partly effective [4]. Tremendous leaps of
knowledge have been made in the understanding of cancer
biology [s], the mechanisms of cancer drug resistance [6,7],
the associated immunobiology of cancer [8-11], the ability of
cancer cell metastasis [12-14], and of course the treatment of
cancer [15-20].

However, many unanswered questions remain. There are
currently five accepted models of carcinogenesis [21] that try
to explain the genesis of a cancer cell. Various studies have
confirmed the role played by genes and healthy tissues in
the progression of cancer, with the environment surround-
ing the tumor, ie, the tumor microenvironment (TME),
clearly not remaining an uninvolved participant [22-24]. The
ability of a cancer cell to spread to distant sites remains the
most important enigma in cancer research that needs to be
completely investigated because metastasis causes more than
90% of all cancer-related deaths [12]. Although the inception
of the metastatic process is largely well understood by now,
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many problems need to be addressed, especially in light of
the recent advancements in micro- and macro-anatomy
uncovered by Benias et al. in the landmark study entitled
“Structure and distribution of an unrecognized interstitium
in human tissues” [25] and by Louveau et al., who addressed
the structural and functional features of lymphatic vessels in
the central nervous system, thus paving the way for under-
standing how cancer metastasizes [26]. Furthermore, the dis-
covery of circulating tumor cells (CTCs) and their ability to
seed distant metastasis has given rise to additional avenues of
research [27-29] and potential treatment options.

The remaining outstanding enigmas pertain to the ability
of a cancer cell or part of it, for example, the nucleus [30], to
survive the processes of migration to another part of the body.
Regarding this, CTCs have been scientifically known to have a
mean diameter of approximately 25 pm and are mostly adher-
ent to platelets (CTCs with aggregated platelets have an even
larger diameter), thus hindering their passage through capil-
lary valves, which are approximately 8 pm in diameter. Finally,
CTCs face another impediment, i.e., the hydrodynamic shear
forces of the circulation system, which would presumably
tear the cells apart, making CTCs a very unlikely source of
metastasis.

The manner in which cancer cells adapt to the new con-
ditions present in the niche of metastasis and their ability to
remain dormant (tumor dormancy) for many years before the
secondary tumors are discovered represents some difficult
questions that remain to be answered [31-37].

HYPOTHESES AND REVIEW

We hypothesized that under particular biochemical and
psychical circumstances, cancer cell nuclear expulsion [30]
coupled with macrophage fusion, which results in a fusion
hybrid, is a possible mechanism of survival and metastasis
capability of cancer cells.

Extant prototypes of metastasis

The current scientific view of the models of metastasis has
attempted to explain the apparently innate ability of cancer
cells to spread to distant sites in the body. Presently, three main
theories prevail regarding cancer metastasis: 1) epithelial-
mesenchymal transition (EMT) and mesenchymal—epithelial
transition (MET) hypothesis; 2) cancer stem cell hypothesis;
and 3) macrophage—cancer cell fusion hybrid hypothesis.

EMT and MET hypothesis

EMT was first established by developmental biologists
as a well-defined program of the cell that performs critical
roles in early embryonic morphogenesis [31,32]. The best way
to describe EMT is as a trans-differentiating program that is
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initiated by EMT-inducing transcription factors; thus, EMT
provides cells with an epithelial morphology the ability to gen-
erate mesenchymal cells. The most important characteristic of
EMT is that it is reversible in some contexts; hence, cells that
have undergone EMT can revert to the original epithelial state
via the reverse program, MET.

Numerous studies [33,38-41] have attempted to shed
some light on the presence of EMT/MET in cancer cells and
its contribution to the ability of cancer cells to metastasize. It
is believed that EMT confers stemness (a stem-like state) to
cancer cells; thus, stem-like cancer cells would gain the abil-
ity to disseminate to distant sites. Important questions remain
regarding EMT and its role in cancer metastasis. Often,
EMT signals are not detected in many pathological prepa-
rations [12,42-44]. The activation of EMT requires the right
combination of random gene mutations, gene silencing, or
gene augmentation via through epigenetic signaling [45] and
the right signaling dynamics between the cancer cells and the
TME via contextual signals [22-24]. The eventual seed of dis-
semination and metastasis needs to undergo the reverse pro-
gram (MET) and recapitulate its epithelial characteristics at
the eventual site of metastasis (Figure 1).

Important questions remain regarding EMT and its role
in cancer metastasis. As it stands, the EMT/MET model has
credibility in in vitro pathways to metastasis alone; therefore,
further studies are needed to determine whether EMT/MET

is responsible for metastasis in vivo.

Cancer stem cell hypothesis

Stem cells are known for their ability to proliferate and
migrate during tissue morphogenesis and differentiation. In
the innumerable cellular niches of the human body, cells can
exist in semi-differentiated states, executing the role of tissue
renewal. Accordingly, it is assumed that cells that have stem-
like characteristics are present among the heterogeneous can-
cer cell population of a tumor [46].

Some authors consider these stem cells as the origin of
cancer stem cells and metastasis [46,47] (Figure 2). Although
many metastatic cancer cells express various characteristics
of stem cells or can be considered stem-like counterparts, the
expression of these characteristics is not directly proportional

to their capacity for distant invasion and metastasis [12,48,49].

Macrophage—cancer cell fusion hybrid hypothesis

The roles played by TME [3,22-24] as well as the immune
system in the initiation, maintenance, and propagation of can-
cer are well established [9-12]. Previous studies have reported
the role of tumor-associated macrophages (TAMs) as facili-
tators of tumor development, progression, and metastasis
[12,50-53]. Seyfried and Huysentruyt [12] were the first to pro-
pose that macrophages or similar cells of myeloid origin are
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FIGURE 1. Graphical representation of the epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition
(MET) hypothesis. (A) Carcinoma in situ with established EMT events and characteristics, with ensuing invasive carcinoma.
(B) Invasive carcinoma cells with a high migration capability and distant seeding through intravasation and extravasation.
(C) Establishment of a metastatic niche with reversal of mesenchymal differentiation via MET.
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FIGURE 2. Cancer stem cell hypothesis. (A) Carcinoma in situ
with cancer cells that possess stem-like features, with base-
ment membrane passage capacity and high through-tissue
motility. (B) Seeding of metastatic niches at different sites, with
tumor dormancy, which is characteristic of this hypothesis.

the source of metastatic cells (Figure 3). TAMs can promote
the specific expression of CD163 in cancer cells, thereby facili-
tating metastatic activity [54]. The uniqueness of the proposed
hypothesis originates from the fact that cells of the myeloid
lineage are already of mesenchymal nature and would not
require the complex genetic changes needed for the EMT-to-
MET transition. In addition, the fusion of macrophages with
epithelial cells in the TME results in fusion hybrids that exhibit
the cellular characteristics of macrophages and carcinoma
epithelial cells [55,56].
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Nuclear expulsion and the formation of cancer fusion
cells (CFCs)

Based on previously published findings regarding cancer cell
metastasis [12,50,53-56], this article aimed to validate the notion
of cancer cell nuclear expulsion [30] coupled with macrophage
fusion resulting in the formation of CFCs, with a high migra-
tion capacity, distant seeding, and macrometastasis formation
(Figure 3). To expand our proposed hypothesis, several factors
should be addressed or explained. Under well-documented
physiological conditions [57], nuclear expulsion is encoun-
tered in erythroblastic islands formed between macrophages
and erythroblasts in tissue niches that support erythropoiesis.
Erythroblastic islands are essential for adequate erythropoiesis.
Erythroblast macrophage protein (Emp), which is a key protein
that is expressed on macrophages and erythroblasts, plays an
important role in nuclear expulsion. Moreover, the absence or
loss of function of Emp in the erythroblast population inhibits
nuclear expulsion [58]. If Emp is expressed de novo on cancer
cells, likely because of an increase in dedifferentiation that leads
to a more embryonic-like phenotype, Emp or other proteins
with a similar function might represent a mechanism of cancer
cell nuclear expulsion. Hence, the study of Emp is a plausible
research avenue for the validation of our hypothesis.
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FIGURE 3. Macrophage-cancer cell fusion hybrid hypothesis and nuclear expulsion followed by the formation of cancer fusion
cells (CFCs). (A) Under biochemical and/or physical stress, carcinoma cells can undergo a particular cell-death-escape phenom-
enon, with expulsion of the nucleus, subsequent engulfment of the expulsed nuclei by tumor-associated macrophages (TAMs),
and formation of CFCs. (B) The fusion of TAMs with carcinoma cells and formation of fusion hybrids. (C) Newly formed CFCs and
fusion hybrids with high through-tissue motility (characteristic of macrophages) and high seeding capacity without the need for
the initial epithelial-mesenchymal transition (EMT) cascade. (D) Metastatic niches established by CFCs and fusion hybrids with
mesenchymal-epithelial transition (MET) cascade and the formation of macrometastases.

Another area of future research is the investigation of
the aspect of nuclear integrity. Several molecules, such as
phosphoinositide 3-kinase beta (PI3Kp), which regulates the
nuclear envelope (NE) through upstream control of regula-
tor of chromosome condensation (RCC1) and RAs-related
nuclear protein (Ran) activity, contribute to the stability of
NE [59]. PI3Kp is known to be overexpressed in many carci-
nomas [60]; thus, it is logically fitting that the nuclei of cancer
cells would have very stable NEs and that the extruded cancer
cell nuclei would retain their nuclear integrity.

Next, the engulfment of the expulsed cancer cell nuclei
by macrophages, followed by the formation of CFCs, needs
to be addressed. Macrophages are well-established cellular
components of phagocytosis that possess two main pathways
for cellular clearing: efferocytosis and antibody-dependent
cell phagocytosis (ADCP). The CD45 transmembrane pro-
tein is a principal component of the negative feedback signal
in both efferocytosis and ADCP. CD4s functions as a “do not
eat me” signal when it couples with SIRP« receptors on mac-
rophages [61]. Expulsed cancer cell nuclei no longer express
CDg4s; therefore, there is no negative feedback signals for
macrophage engulfment. In addition, a special type of cellular

engulfment has been shown to be present in cancer, in which

Bosn ] Basic Med Sci. 2020;20(3):303-309

306

the existence of a “cell-in-a-cell” feature is often identified.
This feature, which is termed entosis, represents a non-apop-
totic cell death pathway, wherein a cancer cell is engulfed by
another cancer cell, i.e., cell-in-cell invasion [62]. The cell-in-
cell invasion evolves over three steps: degradation by lyso-
somal enzymes, release of the cell, and fusion of the cells. The
fusion ability of cancer cells can be considered the bedrock of
all metastatic pathways, with offshoots and components of the
fusion of cells being present in all of them [63-65]. Accordingly,
entosis of cancer cell nuclei by macrophages, with second-
ary fusion between the nucleus of the macrophage and the
engulfed nucleus, would represent a feasible conjecture or
explanation for the formation of CFCs. The newly established
cells would express molecular signatures of contributors of

both lineages.
TESTING THE HYPOTHESIS

To test and validate our hypothesis, several steps are
needed and a confirmation trial of error study and a validation
“tree” are required. This base-to-stem and expansion approach
requires scientific answers to certain questions. Cancer cell

enucleation [30] needs to be further confirmed on multiple
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cancer cell lines. In addition, cancer cell nuclear viability (i.e.,
the maintenance of nuclear integrity and stability of genetic
information) after expulsion requires multi-tiered validation.
To validate the hypothesis of CFCs, first, the mechanism
underlying the fusion between TAMs and the expulsed can-
cer cell nuclei has to be examined. This can be achieved by the
establishment of several TAM cell lines seeded with captured
cancer cell nuclei, followed by the examination (e.g., molecu-
lar markers and whole-genome sequencing) of the presence
of CFCs. Cancer cell nuclei can be harvested using extant
techniques that are used for the isolation and enrichment of
CTCs [66]. Subsequently, after the confirmation of the pres-
ence of CFCs, various preponderant cancer cell characteris-
tics, such as deformability, density gradient, cell polarity, elec-
trical charge, epithelial cell adhesion molecules, cytokeratins,
and expression of tumor-associated markers, should be veri-
fied. Finally, the ability of CFCs to establish macrometastases
in vitro and in vivo will be a fundamental validation step for

our hypothesis.
MEDICAL IMPLICATIONS

Our proposed hypothesis would have various medical
implications, particularly regarding the process of identifica-
tion of a new target for cancer therapy. The targeting of TAMs
and CFCs will create a new avenue in the research of tumor
and metastasis treatment, thus potentially providing new
therapies and the possibility of cessation of cancer metastasis,
which would transform cancer into a chronic and manageable
discase.

If confirmed, our hypothesis will lead to debulking of the
burden of cancer that weighs down the global health system

and social system as a whole [67].
CONCLUSION

Cancer as a distinct biological entity needs to be viewed
in the clear light of adaptable evolution to existing changes.
The presence of multiple lines of survival for a cancer cell rep-
resents a distinct and factual argument. The confirmation of
the existence of CFCs as a distinctive pathway for human can-
cer metastasis will generate positive medical avenues for the

entire global social and healthcare system.
ACKNOWLEDGMENTS

This work was supported by the grant “Chimeric Antigen
Receptor Targeted Oncoimmunotherapy with Natural
Killer Cells (CAR-NK), POC 92/09/09/2016, ID: P_37_786,
MySMIS code: 103662.

Bosn ] Basic Med Sci. 2020;20(3):303-309

307

REFERENCES

[1] Jaffee EM, Dang CV, Agus DB, Alexander BM, Anderson KC,
Ashworth A, et al. Future cancer research priorities in the USA: A
lancet oncology commission. Lancet Oncol 2017;18(11):€653-706.

[2] Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100(1):57-70.

[3]  Hanahan D, Weinberg RA. Hallmarks of cancer: The next genera-
tion. Cell 2011;144(5):646-74.
https://doi.org/10.1016/j.cell.2011.02.013.

[4]  World Health Organization. Global Health Estimates 2016: Disease
Burden by Cause, Age, Sex, by Country and by Region, 2000-2016.
Geneva: World Health Organization; 2016.

[s]  Bertram JS. The molecular biology of cancer. Mol Aspects Med
2000;21(6):167-223.
https://doi.org/10.1016/50098-2997(00)00007-8.

[6] Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG.
Cancer drug resistance: An evolving paradigm. Nat Rev Cancer
2013;13(10):714-26.
https://doi.org/10.1038/nrc3599.

[7]  Gottesman MM. Mechanisms of cancer drug resistance. Annu Rev
Med 2002;53(1):615-27.
https://doi.org/10.1146/annurev.med.53.082901.103929.

[8]  Pardoll DM. The blockade of immune checkpoints in cancer immu-
notherapy. Nat Rev Cancer 2012;12(4):252-64.
https://doi.org/10.1038/nrc3239.

[9]  Dunn GP, Bruce AT, lkeda H, Old LJ, Schreiber RD. Cancer
immunoediting: From immunosurveillance to tumor escape. Nat
Immunol 2002;3(11):991-8.
https://doi.org/10.1038/ni1102-991.

[10] Schreiber RD, Old L], Smyth M]. Cancer immunoediting:
Integrating immunity’s roles in cancer suppression and promotion.
Science 2011;331(6024):1565-70.
https://doi.org/10.1126/science.1203486.

[11]  Dunn GP, Old L}, Schreiber RD. The three Es of cancer immunoed-
iting. Annu Rev Immunol 2004;22:329-60.
https://doi.org/10.1146/annurevimmunol.22.012703.104803.

[12] Seyfried TN, Huysentruyt LC. On the origin of cancer metastasis.
Crit Rev Oncog 2013;18(1-2):43-73.
https://doi.org/10.1615/critrevoncog.vi8.i1-2.40.

[13] Joyce]A, Pollard JW. Microenvironmental regulation of metastasis.
Nature Reviews Cancer 2009;9(4):239-52.
https://doi.org/10.1038/nrc2618.

[14] Riggi N, Aguet M, Stamenkovic I. Cancer metastasis: A reappraisal
of its underlying mechanisms and their relevance to treatment.
Annu Rev Pathol 2018;13:117-40.
https://doi.org/10.1146/annurev-pathol-020117-044127.

[15] Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH,
etal. Cancer treatment and survivorship statistics, 2016. CA Cancer
] Clin 2016;66(4):271-89.
https://doi.org/10.3322/caac.21349.

[16] Edwards JC, Szczepanski L, Szechinski ], Filipowicz-Sosnowska A,
Emery P, Close DR, et al. Efficacy of B-cell-targeted therapy with
rituximab in patients with rheumatoid arthritis. N Engl ] Med
2004;350(25):2572-81.
https://doi.org/10.1056/nejmoao32534.

[17] Ellis LM, Hicklin D]. VEGF-targeted therapy: Mechanisms of
anti-tumour activity. Nat Rev Cancer 2008;8(8):579-91.
https://doi.org/10.1038/nrc2403.

[18] Savage DG, Antman KH. Imatinib mesylate - a new oral targeted
therapy. N Engl ] Med 2002;346(9):683-93.
https://doi.org/10.1056/nejmrao13339.

[19] Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of
age. Nature 2011;480(7378):480-9.
https://doi.org/10.1038/nature10673.

[20] Schumacher TN, Schreiber RD. Neoantigens in cancer immuno-
therapy. Science 2015;348(6230):69-74.
https://doi.org/10.1126/science.aaa4971.

[21] Vineis P, Schatzkin A, Potter JD. Models of carcinogenesis: An

www.bjbms.org



Gheorghe-Emilian Olteanu, et al.: The metastatic ability of cancer cells

overview. Carcinogenesis 2010;31(10):1703-9.
https://doi.org/10.1093/carcin/bgqo8y.

[22] Wang M, Zhao ], Zhang L, Wei F, Lian Y, Wu Y, et al. Role of tumor
microenvironment in tumorigenesis. ] Cancer 2017;8(5):761-73.
https://doi.org/10.7150/jca.17648.

[23] Balkwill FR, Capasso M, Hagemann T. The tumor microenviron-
ment at a glance. ] Cell Sci 2012;125(23):5591-6.
https://doi.org/10.1242/jcs.116392.

[24] Liotta LA, Kohn EC. The microenvironment of the tumour-host
interface. Nature 2001;411(6835):375-9.
https://doi.org/10.1038/35077241.

[25] Benias PC, Wells RG, Sackey-Aboagye B, Klavan H, Reidy J,
Buonocore D, et al. Structure and distribution of an unrecognized
interstitium in human tissues. Sci Rep 2018;8(1):4947.
https://doi.org/10.1038/541598-018-23062-6.

[26] Louveau A, Smirnov I, Keyes TJ, Eccles ]D, Rouhani SJ, Peske JD,
et al. Structural and functional features of central nervous system
lymphatic vessels. Nature 2015;523(7560):337-41.
https://doi.org/10.1038/nature14432.

[27] Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L,
et al. Tsolation of rare circulating tumour cells in cancer patients by
microchip technology. Nature 2007;450(7173):1235-9.
https://doi.org/10.1038/natureo638s.

[28] Massagué J, Obenauf AC. Metastatic colonization by circulating
tumour cells. Nature 2016;529(7586):298-306.
https://doi.org/10.1038/nature17038.

[29] Pantel K, Alix-Panabieres C. Circulating tumour cells in can-
cer patients: Challenges and perspectives. Trends Mol Med
2010;16(9):398-406.
https://doi.org/10.1016/jmolmed.2010.07.001.

[30] Paunescu V, Bojin FM, Gavriliuc OI, Taculescu EA, lanos R,
Ordodi VL, et al. Enucleation: A possible mechanism of cancer cell
death. ] Cell Mol Med 2014;18(6):962-5.
https://doi.org/10.1111/jcmm.12271.

[31] Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis.
Science 2011;331(6024):1559-64.
https://doi.org/10.1126/science.1203543.

[32] Polacheck W7, Zervantonakis IK, Kamm RD. Tumor cell migration
incomplex microenvironments. Cell Mol Life Sci 2013;70(8):1335-56.
https://doi.org/10.1007/500018-012-1115-1.

[33] Hoon DS, Kitago M, Kim ], Mori T, Piris A, Szyfelbein K, et al.
Molecular mechanisms of metastasis. Cancer Metastasis Rev
2006;25(2):203-20.
https://doi.org/10.1007/510555-006-8500-X.

[34] Palmieri D, Chambers AF, Felding-Habermann B, Huang S,
Steeg PS. The biology of metastasis to a sanctuary site. Clin Cancer
Res 2007;13(6):1656-62.
https://doi.org/10.1158/1078-0432.ccr-06-2659.

[35] Allan AL, Vantyghem SA, Tuck AB, Chambers AF. Tumor dor-
mancy and cancer stem cells: Implications for the biology and treat-
ment of breast cancer metastasis. Breast Dis 2006;26(1):87-98.
https://doi.org/10.3233/bd-2007-26108.

[36] Camerer E, Qazi AA, Duong DN, Cornelissen I, Advincula R,
Coughlin SR. Platelets, protease-activated receptors, and fibrinogen
in hematogenous metastasis. Blood 2004;104(2):397-401.
https://doi.org/10.182/blood-2004-02-0434.

[37] Nieswandt B, Hafner M, Echtenacher B, Mannel DN. Lysis of
tumor cells by natural killer cells in mice is impeded by platelets.
Cancer Res 1999;59(6):1295-300.

[38] Roche J. The epithelial-to-mesenchymal transition in cancer.
Cancers (Basel) 2018;10(2):52.
https://doi.org/10.3390/cancers10020052.

[39] Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal
transition. ] Clin Invest 2009;119(6):1420-8.
https://doi.org/10.1172/jci39104.

[40] Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al.
The epithelial-mesenchymal transition generates cells with proper-
ties of stem cells. Cell 2008;133(4):704-15.
https://doi.org/10.1016/j.cell.2008.03.027.

[41] Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A.

Bosn ] Basic Med Sci. 2020;20(3):303-309

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

58]

[59]

308

Generation of breast cancer stem cells through epithelial-mesen-
chymal transition. PLoS One 2008;3(8):¢2888.
https://doi.org/10.1371/journal.pone.0002888.

Tarin D. Celland tissue interactions in carcinogenesis and metastasis
and their clinical significance. Semin Cancer Biol 2011;21(2):72-82.
https://doi.org/10.1016/j.semcancer.2010.12.006.

Hart IR. New evidence for tumour embolism as a mode of metasta-
sis. ] Pathol 2009;219(3):275-6.

https://doi.org/10.1002/path.2616.

Garber K. Epithelial-to-mesenchymal = transition is import-
ant to metastasis, but questions remain. ] Natl Cancer Inst
2008;100(4):232-3, 239.

https://doi.org/10.1093/jnci/djno3z2.

Rodenhiser DI. Epigenetic contributions to cancer metastasis. Clin
Exp Metastasis 2009;26(1):5-18.
https://doi.org/10.1007/510585-008-9166-2.

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer,
and cancer stem cells. Nature 2001;414(6859):105-11.
https://doi.org/10.1038/35102167.

Shackleton M, Quintana E, Fearon ER, Morrison S]. Heterogeneity
in cancer: Cancer stem cells versus clonal evolution. Cell
2009;138(5):822-9.

https://doi.org/10.1016/j.cell.2009.08.017.

Binello E, Qadeer ZA, Kothari HP, Emdad L, Germano IM.
Stemness of the CT-2A immunocompetent mouse brain tumor
model: Characterization in vitro. | Cancer 2012;3:166-74.
https://doi.org/10.7150/jca.4149.

Huysentruyt LC, Mukherjee P, Banerjee D, Shelton LM, Seyfried
TN. Metastatic cancer cells with macrophage properties: Evidence
from a new murine tumor model. Int ] Cancer 2008;123(1):73-84.
https://doi.org/10.1002/ijc.23492.

Seyfried TN. Perspectives on brain tumor formation involv-
ing macrophages, glia, and neural stem cells. Perspect Biol Med
2001;44(2):263-82.

https://doi.org/10.1353/pbm.2001.0035.

Lewis CE, Pollard JW. Distinct role of macrophages in different
tumor microenvironments. Cancer Res 2006;66(2):605-12.
https://doi.org/10.1158/0008-5472.can-05-4005.

Pollard JW. Macrophages define the invasive microenvironment in
breast cancer. | Leukoc Biol 2008;84(3):623-30.
https://doi.org/10.1189/jlb.1107762.

Talmadge JE, Donkor M, Scholar E. Inflammatory cell infil-
tration of tumors: Jekyll or Hyde. Cancer Metastasis Rev
2007;26(3-4):373-400.

https://doi.org/10.1007/510555-007-9072-0.

Maniecki MB, Etzerodt A, Ulhei BP, Steiniche T, Borre M,
Dyrskjot L, et al. Tumor-promoting macrophages induce the
expression of the macrophage-specific receptor CD163 in malig-
nant cells. Int | Cancer 2012;131(10):2320-31.
https://doi.org/10.1002/ijc.27506.

Powell AE, Anderson EC, Davies PS, Silk AD, Pelz C, Impey S,
et al. Fusion between intestinal epithelial cells and macrophages
in a cancer context results in nuclear reprogramming. Cancer Res
2011;71(4):1497-505.
https://doi.org/10.1158/0008-5472.can-10-3223.

Pawelek J]M. Tumour-cell fusion as a source of myeloid traits in can-
cer. Lancet Oncol 2005;6(12):988-93.
https://doi.org/10.1016/51470-2045(05)70466-6.

Klei TR, Meinderts SM, van den Berg TK, van Bruggen R. From the
cradle to the grave: The role of macrophages in erythropoiesis and
erythrophagocytosis. Front Immunol 2017;8:73.
https://doi.org/10.3389/fimmu.2017.00073.

Soni S, Bala S, Gwynn B, Sahr KE, Peters LL, Hanspal M. Absence
of erythroblast macrophage protein (Emp) leads to failure of eryth-
roblast nuclear extrusion. ] Biol Chem 2006;281(29):20181-9.
https://doi.org/10.1074/jbc.m603226200.

Redondo-Munoz ], Pérez-Garcia V, Rodriguez MJ, Valpuesta JM,
Carrera AC. Phosphoinositide 3-kinase beta protects nuclear enve-
lope integrity by controlling RCC1 localization and Ran activity.
Mol Cell Biol 2015;35(1):249-63.

www.bjbms.org



Gheorghe-Emilian Olteanu, et al.: The metastatic ability of cancer cells

https://doi.org/10.1128/mcb.01184-14.

[60] Wymann MP, Marone R. Phosphoinositide 3-kinase in dis-

[61]

[62]

[63]

ease: Timing, location, and scaffolding. Curr Opin Cell Biol
2005;17(2):141-9.

https://doi.org/10.1016/j.ceb.2005.02.011.

Zent CS, Elliott MR. Maxed out macs: Physiologic cell clear-
ance as a function of macrophage phagocytic capacity. FEBS |
2017;284(7):1021-39.

https://doi.org/10.1111/febs.13961.

Overholtzer M, Mailleux AA, Mouneimne G, Normand G, Schnitt
SJ, King RW, et al. A nonapoptotic cell death process, entosis, that
occurs by cell-in-cell invasion. Cell 2007;131(5):966-79.
https://doi.org/10.1016/j.cell.2007.10.040.

Gast CE, Silk AD, Zarour L, Riegler L, Burkhart JG, Gustafson KT,
et al. Cell fusion potentiates tumor heterogeneity and reveals cir-
culating hybrid cells that correlate with stage and survival. Sci Adv

[64]

[65]

[06]

[67]

2018;4(9):caat7828.

https://doi.org/10.1126/sciadv.aat7828.

Bastida-Ruiz D, Van Hoesen K, Cohen M. The dark side of cell
fusion. Int ] Mol Sci 2016;17(5):638.
https://doi.org/10.3390/ijms17050638.

Parris GE. The role of viruses in cell fusion and its importance
to evolution, invasion and metastasis of cancer clones. Med
Hypotheses 2005;64(5):1011-4.
https://doi.org/10.1016/j.mehy.2004.11.012.

Thiele JA, Bethel K, Kralickova M, Kuhn P. Circulating tumor cells:
Fluid surrogates of solid tumors. Annu Rev Pathol 2017;12:419-47.
https://doi.org/10.1146/annurev-pathol-052016-100256.

Prager GW, Braga S, Bystricky B, Qvortrup C, Criscitiello C,
Esin E, et al. Global cancer control: Responding to the grow-
ing burden, rising costs and inequalities in access. ESMO Open
2018;3(2):€000285.

Related articles published in BJBMS

1.

Bosn ] Basic Med Sci. 2020;20(3):303-309

Cancer metastasis - tricks of the trade

Rabia Zeeshan and Zeeshan Mutahir, BIBMS, 2017
. How latent viruses cause breast cancer: An explanation based on the microcompetition model
Hanan Polansky and Hava Schwab, BJBMS, 2019

309

www.bjbms.org


https://www.bjbms.org/ojs/index.php/bjbms/article/view/1908
https://www.bjbms.org/ojs/index.php/bjbms/article/view/3950

