
In his 1911 article “About cell fusion with 
qualitatively abnormal chromosome dis-
tribution as cause for tumour formation” 
Aichel first proposed the fusion theory of 
tumour progression and exhorted future 
scientists to “study chromosomes from all 
angles” to investigate it further1. He pro-
posed that the source of aneuploidy could be 
fusion of tumour-invading leukocytes with 
cancer cells, suggesting that a combination 
of extra chromosomes and the “qualitative 
differences” in chromosomes from the 
two cell types could lead to the metastatic 
phenotype (reviewed in Refs 2–4). Decades 
later, the same hypothesis — that metastasis 
is caused by leukocyte–tumour cell fusion — 
was proposed independently by Meckler5,6 
and by Goldenberg7,8. Several laboratories 
have now reported that hybrids produced by 
fusion in vitro or in vivo were aneuploid and 
of higher metastatic potential (reviewed in 
Ref. 2–4). In 1984, LaGarde and Kerbel sum-
marized the emerging concepts9: “[Tumour 
cell hybridization] can lead to major changes 
in gene expression. These processes can 
lead to the evolution of subpopulations of 
tumour cells having major losses or gains 
in their malignant aggressiveness and 
therefore represents a large-scale genetic 
mechanism capable of generating genotypic 

and phenotypic diversification. If the normal 
host cell happens to be a lymphoreticular-
haematopoietic cell, it could donate this phe-
notype to cell types which otherwise do not 
normally express metastatic traits.” There is 
now considerable evidence to support these 
concepts.

The pathways of invasion and metastasis 
have been under intense scientific scrutiny 
and much is now known about the steps 
involved10,11. However, the actual genesis of 
metastatic cells from within populations 
of non-metastatic cells of the primary 
tumour is not understood. What are the ini-
tiating mechanisms that cause a carcinoma 
or melanoma cell in the epithelium to free 
its adhesions to neighboring cells, adapt a 
migratory phenotype, cross the basal lamina 
into the dermis, intravasate into the blood 
circulatory system or lymphatics, extrava-
sate, and form new tumours in lymph nodes 
and distant tissues or organs? The long-
standing view is essentially Darwinian: the 
unstable cancer genome combined with host 
selective pressures generates metastatic cells 
in the otherwise non-metastatic primary 
tumour12,13. This view continues to provide 
the best framework for envisioning tumour 
progression. Yet it is difficult to imagine how 
this might occur through successive, stepwise 

mutations as generation of a metastatic  
phenotype would require activation and 
silencing of large numbers of genes in the 
primary tumour cell10. One solution to this 
problem lies in the activation of master regu-
latory genes that control multiple pathways 
and initiate pro-metastatic cascades14. This 
has been highlighted in reports that master 
regulators of epithelial–mesenchymal transi-
tion (EMT) in development, such as SNAIL 
(also known as SNAI1), SLUG (also known 
as SNAI2), secreted protein, acidic, cysteine-
rich (SPARC) and TWIST (also known as 
TWIST1), have analogous roles in invasion 
and metastasis, in which they activate 
mesoderm-associated pathways of cellular 
adhesion and migration10,14. For example, 
in breast cancer TWIST activates micro-
RNA-10b, which in turn causes increased 
expression of the pro-metastatic gene RHOC, 
with increased metastatic potential of the 
affected cells14. However, the mechanisms 
through which master regulators such 
as TWIST are themselves upregulated in 
cancer are not understood. We propose 
that at least in some cases this could be 
initiated by fusion of cancer cells with bone 
marrow-derived cells (BMDCs). Although 
a transition from epithelial to mesodermal 
gene expression is indeed a characteristic of 
invasion and metastasis, the expressed genes 
are often remarkably similar to those associ-
ated with migratory BMDCs, such as macro-
phages and other myeloid-lineage cells3,4,15. 
Fusion of migratory BMDCs and cancer cells 
with co-expression of both fusion partner 
genomes provides a potential explanation for 
this phenomenon2–4,16.

In our opinion the fusion theory comes 
closer to a unifying explanation of tumour 
progression than any yet proposed. Fusion 
represents a non-mutational mechanism that 
could explain the aberrant gene expression 
patterns associated with malignant cells. 
Studies of macrophage–tumour cell fusions 
have demonstrated that genes from both 
parental partners are expressed in hybrid 
cells17. Gene expression in such cells reflects 
combinations of myeloid lineage genes along 
with those of the cancer cell lineage, all in a 
background of deregulated cell division. In 
fact, many molecules and traits associated 
with tumour progression are expressed by 
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healthy myeloid lineage cells, for example, 
angiogenesis, motility, chemotaxis and 
tropism, immune signalling, matrix 
degradation and remodelling, responses 
to hypoxia, and multi-drug resistance to 
chemotherapy3,4. Tumour fusion could also 
account for aneuploidy and genetic rear-
rangements in metastatic cells2,18. It is further 
possible that tumour–BMDC fusions are a 
source of cancer stem cells19. From studies 
in animal and human cancers there is little 
doubt that tumour hybrids are generated 
in vivo and that at least in animals they can 
be a source of metastases2–4. This Perspective 
reviews the molecular and cellular pathways 
that are activated following fusion of tumour 
cells with BMDCs, their expression in 
macrophages and other BMDCs, and their 
similarities to those governing tumour  
progression in animal and human cancer.

Cell fusion mechanisms
Cell fusion is a widespread phenomenon 
in biology20. The pathways vary between 
different cell types, suggesting that they have 
evolved separately in different systems21–23. 
However, there are many mechanistic 
similarities24 and it was recently shown that 
myoblasts and macrophages use some of 
the same molecular components in fusion25. 
Fusion might occur following phagocytosis of 
cancer cells or apoptotic bodies by tumour-
associated macrophages or other phagocytes2. 
Horizontal transfer of oncogenes during 
phagocytosis of cancer cells in vitro was 
demonstrated26. Cancer cell fusion can be 
induced by viruses18,27. Endometrial and 
breast cancers fuse by means of the protein 
syncytin (encoded by ERVWE1)28. Chronic 
activation of protein kinase AKT2 leads to 
multinucleation and cell fusion in human 
epithelial kidney cells29. Cell–cell invasion 
mechanisms of ‘cellocytosis’23 or ‘entosis’30 
may also initiate fusion. A general requirement 
is that the two fusing membranes be in close 
contact. This is accomplished by receptor– 
ligand interactions, as seen in virus–cell 
fusions18,27 and in macrophage–macrophage 
fusions in the formation of osteoclasts and 
giant cells22,31. Regarding macrophages, several 
genes are involved in fusion32. For osteoclast 
formation, three receptor systems involved in 
fusion are macrophage fusion receptor (MFR, 
also known as signal-regulatory protein α 
(SIRPA)), CD44 and dendritic cell-specific 
transmembrane protein (DC-STAMP, also 
known as TM7SF4)22. MFR and its ligand 
CD47 (thrombospondin 2 receptor) belong 
to the immunoglobulin superfamily33. MFR 
is expressed by myeloid cells and neurons 
whereas CD47 is expressed in many cell 

types. CD44, for which the fusion ligand is 
unknown, is also transiently expressed in 
an early stage in fusion. The extracellular 
domain of CD44 is cleaved by membrane 
type I matrix metalloproteinases, possibly 
bringing plasma membranes closer as 
a prelude to fusion23,34. DC-STAMP is a 
chemokine-like receptor that is essential 
for macrophage fusion to form osteoclasts 
and giant cells31. Although the DC-STAMP 
ligand is as yet undetermined, a candidate is 
the cytokine CCL2 (also known as monocyte 
chemoattractant protein 1 (MCP1)), which 
is an important component of osteoclast and 
giant cell formation35,36.

Macrophages may thus fuse with cancer 
cells through their inherent fusion capabili-
ties. Likewise, cancer cells may be prone  
to fusion because of aberrant expression 
of fusion-associated receptors or ligands. 
For example, CD44 is widely expressed in 
cancer, in which it is a cell surface receptor 
for hyaluronan and associated with poor 
outcome37,38. It is also a marker for putative 
solid tissue cancer stem cells in several differ-
ent neoplasms (for an example see Ref. 39). 
CD47 and CCL2 (and CCL2 receptors) are 
each expressed by many different cancers40–42. 
Close apposition of plasma cell membranes 
between macrophages and melanoma cells is 
readily observed in tumour biopsies, fulfilling 
one of the requirements for fusion43.

Cancer cell fusion in vivo
Cancer cells fuse with many cell types in 
vivo, including stromal cells44, epithelial 
cells45 and endothelial cells46–48. There are 
more than 30 reports of tumour cell fusion 
with host cells and many of these implicate 
macrophages or other BMDCs as host 
fusion partners2–4,45,49–53. For example, when 
the MDAY or A9 mouse sarcomas were 
implanted in mice with allogeneic bone mar-
row transplants, hybrids between BMDCs 
and tumour cells were generated51,54. Another 
example was seen in the development of a 
spontaneous melanoma metastasis to the 
lungs in a Balb/c nude mouse52 (fIG. 1). Balb/c 
mice are albino owing to a homozygous 
mutation in tyrosinase (c/c), the rate-limiting 
enzyme in melanogenesis. Although the 
melanoma clone implanted into these mice 
was genetically wild-type for tyrosinase 
(C/C), the cells produced little or no melanin 
in culture and formed amelanotic tumours in 
mice. Metastases, though infrequent, were 
generally small, amelanotic tumours in the 
lung, and were well tolerated by the mice53. 
However, in one experiment a mouse devel-
oped a melanin-producing in transit meta-
stasis near the site of implantation in the tail 

dermis (fIG. 1a). Because of this the tail was 
amputated and the mouse was followed to see 
if distant metastases developed. After 5 weeks 
the mouse became moribund with a massive, 
highly pigmented pulmonary metastasis 
(fIG. 1c). DNA analyses showed that cells from 
the metastasis had a genotype of C/c, indicat-
ing they were hybrids formed from fusion of 
the implanted tumour cells (C/C) with host 
cells (c/c). Cells from the metastasis showed 
an average 30–40% increase in DNA content, 
increased chemotaxis in vitro, activation  
of N-acetylglucosaminyltransferase v 
(GnT-v, MGAT5, E.C.2.4.1.155), and pro-
duction of β1,6-branched oligosaccharides 
(see below). They also produced ‘coarse 
melanin’ — autophagosomes containing 
melanosomes and other organelles (below). 
Small numbers of highly melanized, coarse 
melanin-producing cells were found within 
the original implanted tumour (fIG. 1b). These 
were not present in the cultured parental 
melanoma cells and were thus generated 
in vivo52. Morphologically identical cells were 
cultured from the metastasis and determined 
to be C/c hybrids with host cells, indicating 
that fusion and hybridization had occurred 
in the original implant. Histopathology stud-
ies of the original implant revealed that it was 
infiltrated with macrophages, supporting the 
possibility that macrophage–tumour fusion 
had occurred there.

BMDCs in human cancer and stem cell-
like distribution patterns. The first and, as 
yet, sole confirmation of BMDC–tumour 
cell fusion in humans has been reported. 
Transcriptionally active malignant nuclei and 
normal nuclei were observed in tumour- 
associated osteoclasts from myeloma patients. 
In the osteoclast population, 30% of the nuclei 
were of malignant-cell origin, indicating a 
remarkably high incidence of osteoclast–
tumour cell fusion55. The potential relevance 
of this finding to myeloma pathobiology is 
not yet known. Other studies have demon-
strated the presence of donor genes in carci-
noma cells of secondary malignancies arising 
after allogeneic haematopoietic stem cell 
(HSC) transplant; however, for largely techni-
cal reasons, definitive proof for or against 
donor–host fusion was lacking in each. In 
the first reported case, a renal cell carcinoma 
(RCC) developed in a child following an HSC 
transplant from his cancer-free brother56. A 
lymph node metastasis of this tumour (the 
only tissue available) was analysed by laser 
capture microscopy of tumour cells and 
PCR-based analyses for donor genes (fIG. 2). 
Carcinoma cells throughout the tumour con-
tained the donor-specific A allele of the ABO 
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blood group, indicating that HSCs had in 
some manner become incorporated into the 
tumour. The patient history of radiation and 
immunosuppression before HSC transplant 
increased the likelihood that the tumour 
arose de novo in the patient and that donor 
BMDCs became incorporated through fusion 
with pre-existing tumour cells. However, 
because a suitable patient-specific DNA 
sequence was unavailable, evidence for donor 
and patient genes in the same cells was lack-
ing56. Nonetheless, carcinoma cells through-
out the tumour produced β1,6-branched 
oligosaccharides (fIG. 2), a risk factor in 
several cancers and a characteristic of other 
BMDC–tumour cell hybrids, as discussed 
below. In the second case57, tumour cells from 
a primary papillary RCC (PRCC) arising after 
a male-to-female HSC transplant were found 
to exhibit a trisomy 17, a common abnormal-
ity in PRCC and other cancers58 (fIG. 3). About 
1% of the trisomy 17-containing tumour cells 
also contained the donor Y chromosome in 
the same nucleus57. As above, this combined 
with the patient history suggested that fusion 
had occurred between tumour cells and 
donor HSC cells after development of the 
tumour57. However, the possibility that the 
tumour was derived solely from a donor 
HSC, without fusion, followed by growth 
and widespread loss of the Y was not ruled 
out59. Nonetheless, it is of note that the Y- and 
trisomy 17-containing carcinoma cells were 
distributed within the tumour in pairs and 
clusters resembling post-mitotic daughter 
cells — a pattern that would be predicted for 
cancer stem cells19,60. Also, Y-containing car-
cinoma cells were localized to a region cover-
ing only about 10% of the tumour, suggesting 
a clonal emergence of these cells. Supporting 
this, Y-containing carcinoma cells differed 
from the majority of carcinoma cells in this 
tumour through their high expression of 
β1,6-branched oligosaccharides (fIG. 3). In 
other reports, Y-containing cancer cells were 
found in two cases of intestinal adenoma and 
one case of lung cancer in females who had 
previously received male HSC transplants61. 
XY fluorescence in situ hybridization of a 
limited number of these cells revealed no 
evidence of the XXY or XXXY cells that 
could have supported (but not proven) the 
presence of BMDC–tumour hybrids. The 
authors proposed that some BMDCs come 
to resemble cancer cells through “develop-
ment mimicry” rather than being “direct 
seeds of the cancer”61. However, in the case 
above57, as the donor Y chromosome was 
present in the same cells with a trisomy 17 it 
seems unlikely that HSC donor cells could 
have acquired this aneuploid karyotype 

Figure 1 |	Spontaneous	in vivo	fusion	in	melanoma52.	Cells from a clone of the Cloudman S91 
mouse melanoma were implanted subcutaneously in the tail of a Balb/c nu/nu mouse. The mice 
were albino due to a homozygous mutation in tyrosinase (c/c), the rate-limiting enzyme in 
melanogenesis. Although the melanoma clone was genetically wild-type for tyrosinase (C/C), 
the cells produced little or no melanin in culture and formed amelanotic tumours in mice. 
Metastases, though infrequent, were generally small, amelanotic tumours in the lung, and were 
well tolerated by the mice53. in one experiment (designed for other purposes), what appeared 
to be a melanin-producing in transit metastasis developed (a, arrow) near the site of implant 
(bracket). The tail was amputated and the implanted tumour was formalin-fixed, embedded in 
paraffin and sectioned serially. Small numbers of highly melanized, coarse melanin-producing 
cells were found within the implanted tumour that were not seen in cultures of the parental 
melanoma cells and had thus been generated in vivo (b, arrows). Five weeks after removal of the 
tail the mouse became moribund with a massive, highly pigmented pulmonary metastasis (c, 
asterisk). Cells from the metastasis were cloned in soft agar. DNA analyses revealed that 12 of 
12 randomly picked clones had a genotype of C/c, indicating they were hybrids formed from 
fusion of the implanted tumour cells (C/C) with host cells (c/c). Cells from the metastasis showed 
an average 30–40% increase in DNA content, increased chemotaxis in vitro, activation of the 
glycosyltransferase GnT-v, and production of its enzymatic product, β1,6-branched oligo-
saccharides52. Like the pigmented cells found in the primary implant (b), they also produced 
‘coarse melanin’ — autophagosomes containing melanosomes and other organelles52. Similar 
cells were cultured from the metastasis and were also seen in histolopathology sections of the 
pulmonary tumour. This indicated that the coarse melanin-containing cells originated in the 
primary implant through host–tumour cell fusion(s). Coarse melanin was also observed in 
another in vivo melanoma hybrid ‘PADA’84 and in experimentally fused macrophage–melanoma 
hybrids and is a common characteristic of human melanomas159. reproduced, with permission, 
from Ref. 52  American Association for Cancer research (2000).
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simply through mimicry of carcinoma cells, 
as mimicry would presumably not include 
genetic aberrations61. In another study of 
secondary solid tumours following female-
to-male HSC transplants, tumour cells were 
found with two X chromosomes but no Y, 
suggesting they originated at least in part 
from the female donor BMDCs62. However, 
this study did not report on the potential 
presence of XXXY (tetraploid) or XXY 
(aneuploid) cells that might have been indica-
tors of BMDC–tumour cell fusion50,61,62, nor 
did it rule out the widespread loss of the Y 
chromosome that occurs in many cancers as 
an explanation for the XX karyotype of some 
carcinoma cells50,59. Nonetheless, as above57 
the XX tumour cells tended to be in clusters, 
suggesting a stem cell-like pattern within the 
tumours.

In summary, although host cell–cancer 
cell fusion has been demonstrated in ani-
mals, there is as yet far less information in 

human cancer. HSCs have been shown to 
incorporate into human cancers; however, 
the mechanisms of incorporation — fusion 
versus direct transformation — remain to 
be elucidated. In the limited number of 
cases so far, some of the HSCs incorporated 
into human solid tumours showed a clonal 
distribution pattern that might be expected 
for cancer stem cells, consistent with a recent 
proposal that BMDC–tumour cell fusion is a 
potential source of cancer stem cells19.

Cancer cell fusion and the hybrid pheno-
type. Fusion-induced enhancement of 
metastasis and a differentiated trait such 
as melanin production is in contrast to 
previous studies in which hybrids that 
were formed in vitro between normal epi-
thelial cells or fibroblasts and tumorigenic 
cancer cells were generally suppressed in 
tumorigenicity compared with the parental 
cancer cells63–69, with some exceptions70,71. 

These important observations led to the 
concept of, and subsequent identification 
of, a number of different tumour suppres-
sor genes that have been largely involved 
in control of progression through the cell 
cycle69. Differentiated traits were also sup-
pressed in such hybrids. For example, poly-
ethylene glycol- and Sendai virus-induced 
hybrids between fibroblasts and pigmented, 
tumorigenic melanoma cells were non-
pigmented and non-tumorigenic72–76. The 
tendency of hybrids to lose chromosomes 
with successive cell divisions was exploited 
for chromosomal mapping of suppressor 
genes. However, when healthy leukocytes 
were used as fusion partners with cancer 
cells, co-activation of differentiated func-
tions between parental genomes was seen, 
for example, in leukocyte–hepatoma 
hybrids77,78, leukocyte–myeloma hybrids79, 
immuglobulin-secreting hybridomas80 
and macrophage–melanoma hybrids 
discussed herein. Thus, unlike tumour-
suppressive fibroblasts and epithelial cells, 
haematopoietic cells enhanced malignancy 
and differentiation when hybridized with 
transformed cells. Expression of genes from 
both parental lineages in cancer cell hybrids 
could explain many properties of metastatic 
cells3,4. For example, tropism to lymph 
nodes and organs and tissues such as bone 
marrow, brain, lung and liver is a common 
trait of macrophages and metastatic cells 
alike. Likewise, the notorious multidrug 
resistance of malignant cells to chemother-
apy owing to high levels of p-glycoprotein81 
could reflect the fact that macrophages also 
express this phenotype82.

Tumour–BMDC fusions might explain 
how common gene expression patterns 
emerge for different tumour types. 
We, and others, have found that when 
BMDC–tumour cell hybrids were isolated 
in vitro with no selective pressure other 
than for growth in drug-containing media, 
remarkably high numbers of them exhibited 
a metastatic phenotype in mice. Of 75 clones 
of polyethylene glycol-fused macrophage–
melanoma hybrids isolated in vitro, about 
half showed increased chemotaxis in vitro 
and metastasis in mice53,83,84. Similar results 
were obtained in T-cell hybridomas from 
the fusion of healthy T lymphocytes with 
T lymphoma cells85, and in hybrids between 
mouse T-cell lymphoma cells and bone 
marrow-derived macrophages or spleen 
lymphocytes86,87. High-frequency emergence 
of a common metastatic phenotype in vitro 
without host-selective pressure was surpris-
ing, particularly in view of the apparently 
chaotic nature of aneuploidy. In fact, little is 

Figure 2 |	a	renal	cell	carcinoma	arising	after	allogeneic	stem	cell	transplant.	These samples 
were taken from a lymph node metastasis arising in a boy after receiving a haematopoietic stem cell 
(HSC) transplant from his cancer-free brother56. Tumour cells throughout the metastasis contained the 
ABO blood group A allele of the HSC donor, suggesting that the cells were hybrids between donor 
HSC(s) and patient tumour cell(s), although direct transformation of bone marrow-derived cells into 
tumour cells was not ruled out. The sections were stained by lectin histochemistry for β1,6-branched 
oligosaccharides with the plant lectin leukocytic phytohaemagglutinin (LPHA), which exhibits high 
specificity for β1,6-branching on N-glycoproteins. β1,6-branched oligosaccharides were present in 
cells throughout the tumour, consistent with the wide distribution of the donor A allele56. a | Adjacent 
lymphocytes in the same sections were negative for LPHA staining. b | Higher power revealed that 
LPHA stained in a coarse vesicular, autophagosome-like pattern similar to that seen with coarse 
melanin in macrophage-melanoma hybrids (fIG. 1). c,d | Low-power fields demonstrating homogene-
ous staining of tumour cells for β1,6-branched oligosaccharides. A similar coarse vesicular, 
autophagosome-like staining pattern for β1,6-branched oligosaccharides is widespread in human 
cancer159. reproduced, with permission, from Ref. 56  Nature Publishing Group (2004).
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known of the regulation of gene expression 
in hybrids at the molecular level. Evidence 
that BMDC–tumour hybrids express many 
of the same genes associated with invasive 
and metastatic cancers and that these genes 
are also expressed by macrophages and other 
migratory BMDCs is summarized below.

SPARC. SPARC (also known as osteonectin 
and BM40) is a modulator of cell–matrix 
interactions during development and is a 
key component of wound healing, tissue 
repair and hard-tissue formation88,89. SPARC 
modulates cellular shape and as such is a 
counter-adhesive factor89. SPARC binds to 
several proteins of the extracellular matrix 
and is also a chaperone aiding proper folding 
of collagen in the endoplasmic reticulum90. 
In development, SPARC is expressed in 
late gastrulation during differentiation of 
invaginated epithelial cells into mesoderm91. 
Interestingly, SPARC is important in osteo-
clast formation92,93. In tissue macrophages 
SPARC is expressed in regions of neovascu-
larization, for example, in wound repair94 and 
degenerative aortic stenosis95. High SPARC 
expression is associated with tumour  

progression and poor outcome in melanoma 
and a number of carcinomas including breast, 
colorectal, ovarian and lung96. SPARC acts as 
a regulator of melanoma EMT by downregu-
lating melanoma E-cadherin (also known as 
CDH1) with loss of homotypical adhesion, 
and stimulates motility and increases expres-
sion of mesenchymal markers such as matrix 
metalloproteinase MMP9 (Ref. 97). The actions 
of SPARC are mediated through SNAIL, a 
transcription factor in the initiation of EMT 
during normal development and cancer98.

The SPARC gene provides an example 
of gene regulation in BMDC–tumour 
fusion. In fusions between mouse macro-
phages or human blood monocytes and 
weakly metastatic mouse Cloudman S91 
melanoma cells, unfused melanoma cells, 
macrophages and monocytes all expressed 
SPARC mRNA; however, the levels were 
3–4-fold higher per µg total RNA in 
hybrids17,99. SPARC mRNA levels were high-
est in hybrids of high metastatic potential 
and lowest in weakly metastatic hybrids and 
parental melanoma cells. Moreover, hybrids 
between human monocytes and mouse 
melanoma cells expressed both human and 

mouse SPARC mRNA17. This indicated 
that genomes from cells of the two dif-
ferent developmental lineages were both 
activated. Thus, for SPARC, gene expression 
was enhanced by hybridization of tumour 
cells with macrophages, high expres-
sion was correlated with high metastatic 
potential, and SPARC mRNA was produced 
in hybrids from the genomes of both 
parental fusion partners. That increased 
SPARC expression was a characteristic of 
macrophage–melanoma hybrids provides a 
possible explanation for increased SPARC 
and SPARC-mediated pathways in human 
melanoma and other cancers. It is not 
known whether other regulators of EMT 
and development in addition to SPARC 
were expressed in macrophage–tumour 
cell fusion hybrids (transcription factors 
TWIST, SNAIL and others)10,14. However 
at least one, TWIST, is activated in 
macrophages and regulates inflammatory 
cytokine production100,101. By analogy to 
SPARC, this suggests that TWIST expres-
sion in some invasive carcinomas reflects 
expression of macrophage-lineage genes 
following macrophage–tumour cell fusion.

Figure 3 |	Tumour	β1,6-branched	oligosaccharides	after	allogeneic	stem	
cell	transplant.	The papillary renal cell carcinoma (PrCC) arose in the kid-
ney of a female 2 years after she had received a male haematopoietic stem 
cell transplant from her cancer-free 15 year-old son57. Karyotypes revealed 
that some of the carcinoma cells contained a trisomy 17, a common abnor-
mality for PrCC. Cells containing both the Y and ≥3 copies of chromosome 
17 were localized to a small region covering about 10% of the section area 
where they comprised about 1% of the tumour cells. These cells were puta-
tive fusion hybrids between bone marrow-derived cells (BMDCs) and carci-
noma cells, although direct transformation of BMDCs in carcinoma cells 
without fusion was not definitively ruled out57. Sections were stained with 
leukocytic phytohaemagglutinin (LPHA), a selective marker for β1,6-
branched oligosaccharides. LPHA-positive cells were photographed, and the 
sections were processed by fluorescence in situ hybridization (FiSH) for the 
Y (red) and 17 (green) chromosomes. a–e | Left: LPHA-positive carcinoma 

cells. right: FiSH analyses of the same section for the Y and 17. Arrows  
show cells containing both the Y and trisomy 17, demonstrating the pres-
ence of donor genes in the carcinoma nuclei. Asterisks denote Y-containing 
carcinoma cells in both left and right panels. f | A region that was devoid of 
LPHA-positive cells. Left: LPHA-negative carcinoma cells. right: a FiSH-
labelled sequential section of the same region displaying only chromosome 
17 and not the Y. Of the 70 LPHA-positive cells studied in this manner, 46 
nuclei gave positive FiSH signals, and of these 37 (80%) contained a 
Y chromosome. The majority of tumour cells were LPHA-negative and dis-
played 17 but not the Y 3,4,57. Thus, tumour-incorporated BMDCs were the 
main source of tumour cell-associated β1,6-branched oligosaccharides for 
this tumour. As with other such cases discussed herein and for a wide 
number of human cancers159, staining for β1,6-branched oligosaccharides 
revealed a coarse vesicular phenotype (for example, e, left). reproduced, 
with permission, from Ref. 57  Nature Publishing Group (2005).
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MCR1 and MET. The melanocortin 1 
(MC1, melanocyte-stimulating hormone) 
receptor (MC1R) is activated by MC1 in 
healthy melanocytes and melanoma cells 
in which, through cyclic AMP-dependent 
mechanisms, it activates melanogenesis and 
regulates proliferation along with several 
other actions102,103. MC1R appears to have 
a role in melanoma progression, at least 
in part through its activation of the proto-
oncogene MET, whose signalling pathway 
is a key regulator of metastasis in melanoma 
and many other cancers104–106.

As with SPARC, gene expression for 
both MC1R and MET was increased in 
highly metastatic macrophage–melanoma 
hybrids107,108. Moreover, each was involved 
in the induction of chemotactic motility in 
hybrids83,107. Upregulated MC1R mRNA 
expression in hybrids was associated with 
increased cellular binding of its ligand MC1, 
and amplified responsiveness to MC1, as 
shown by increased chemotactic motility, 
dendricity and melanization83,84. Exposure 
of hybrids to MC1 also increased both the 
production of MET mRNA and responsive-
ness to hepatocyte growth factor (HGF) as 
a chemoattractant108. Thus the MC1–MC1R 
and HGF–MET pathways appeared to act 
together in a positive autocrine loop to 
control chemotaxis and other functions in 
hybrid cells. This same relationship appears 
to be operative in malignant melanoma105. 
In melanoma, MET and MC1R are each 
regulated through the master transcription 
factor microphthalmia-associated transcrip-
tion factor (MITF)104, which itself is associ-
ated with tumour progression109. Although 
it was not determined whether MITF was 
upregulated in experimental macrophage–
melanoma hybrids, this appears to have been 
the case, as levels of the mRNAs for both 
MET and MC1R were increased, an expected 
consequence of increased MITF104,109,110. 
High expression of MITF111, MET112,113 
and MC1R104,114–117 are all characteristics of 
monocytes, macrophages and other BMDCs.

GnT-V and β1,6-branched oligosaccharides. 
GnT-v is a Golgi complex enzyme that is 
highly expressed in myeloid cells and meta-
static cancer cells. GnT-v and its enzymatic 
products, β1,6-branched oligosaccharides 
conjugated to N-glycoproteins, are associ-
ated with poor outcome in melanoma43,118 
and carcinomas of the breast119,120, colon121,122 
lung123 and endometrium124. β1,6-branched 
oligosaccharides were first purified from 
granulocytes125. From structural analyses 
they are composed of poly-N-acetyllactose 
amines that are carriers of sialyl lewisx 

antigen (sialyl lex) and thereby used by both 
leukocytes and metastatic cancer cells for 
binding to E-selectin (SELE) and/or galectin 3 
(also known as lectin, galactoside-binding, 
soluble 3 (LGALS3)) on endothelial cells 
during systemic migration125,126.

GnT-v mRNA, protein and/or enzymatic 
activity were increased in highly metastatic 
macrophage–melanoma hybrids in vitro127, 
and in host–tumour fusions in both lympho-
mas and melanomas growing in mice51,128,129. 
In human cancer, β1,6-branched oligosac-
charide production was a characteristic of 
putative BMDC–tumour hybrids in the 
two RCCs discussed above that developed 
after allogeneic HSC transplant56,57 (fIGs 2,3). 
Moreover, multiple pathways in invasion 
and metastasis that are regulated by GnT-v 
were increased in macrophage–melanoma 
hybrids, such as motility-associated 
integrin subunits, cell surface expression of 
lysosomal-associated membrane protein 1 
(LAMP1) and autophagy.

Motility-associated integrins. The integrin 
subunits α2, α3, α5, α6, αv, β1 and β3 are all 
involved with migration of leukocytes and 
cancer cells. These same integrin subunits 
were significantly upregulated at the protein 
level in metastatic macrophage–melanoma 
hybrids compared with weakly metastatic 
hybrids and parental melanoma cells127 

(J.M.P. and A.K.C., unpublished data). 
Following stimulation with MC1, protein 
levels were further increased in highly 
metastatic hybrids. These results correlated 
with findings that metastatic hybrids had 
acquired an MC1-inducible chemotactic 
phenotype that was directed toward 
fibronectin (FN1) through the action of 
integrin α5β1 (Ref. 83). Of great interest, all 
the above subunits have been identified as 
substrates for GnT-v and their actions are 
strongly affected by their glycosylation status 
with β1,6-branched oligosaccharides129–139. 
For example, in human fibrosarcoma cells 
addition of β1,6 branched oligosaccharides 
onto the β1 integrin subunit by GnT-v 
reduced α5β1 integrin clustering and stim-
ulated cell migration139. Further, the above 
integrin subunits are each involved in 
metastasis. Levels of the α3β1 integrin are 
increased and associated with increased 
migration and invasion in several types 
of metastatic cancers140. α5β1 is a well-
characterized receptor for fibronectin 
that is overexpressed in metastasis141–143. 
Upregulation of αvβ3, a vitronectin 
(vTN) receptor, was described in various 
cancers including malignant melanoma 
and glioblastoma141,144–146.  

Expression of the β1-integrin subunit is a 
key component of melanoma metastasis147. 
The above integrins and integrin subunits 
are also highly expressed in macrophages, 
in which they are involved with many func-
tions, including cell adhesion and migration, 
signal transduction, cell–cell recognition 
and phagocytosis148–152.

Cell surface expression of LAMP1. LAMP1 
is a preferred substrate for GnT-v and 
therefore a major carrier of sialyl lex and 
poly-N-acetyllactose amines that bind to 
E-selectins and galectins130. Cell surface 
LAMP1 thus mediates binding to endothe-
lial cells by both leukocytes and cancer 
cells153–155. Macrophage–melanoma hybrids 
showed increased expression of cell surface 
LAMP1 (Ref. 127). This was seen in highly 
metastatic macrophage–melanoma hybrids 
as well as peritoneal macrophages compared 
with that in parental melanoma cells and less 
metastatic hybrids.

Autophagy and course melanin. As 
mentioned, the spontaneous mouse 
melanoma–host hybrid described above 
showed a high level of autophagy and coarse 
melanin52 (fIG. 1). This was also a characteris-
tic of another spontaneous melanoma–host 
hybrid described previously (‘PADA’)84 and 
of macrophage–melanoma hybrids fused 
in vitro52,53,84. Electron microscope studies 
revealed that melanin was localized largely to 
heavily melanized melanosomes packaged in 
autophagosomes. Autophagosomes were ver-
ified by the presence of double limiting mem-
branes and heterogeneous morphologies. 
They were also strongly positive for β1,6-
branched oligosaccharides, implicating a role 
for GnT-v in their formation156–158. These 
were surprising findings because healthy 
melanocytes do not appear to use GnT-v in 
melanogenesis and the melanosomes are not 
packaged in autophagosomes but exist singly 
in the cytoplasm. That several independently 
isolated melanoma hybrids all showed high 
levels of autophagy and coarse melanin 
raised the question as to whether this trait 
might be a signature of BMDC–melanoma 
fusion in human melanoma. Although coarse 
melanin in melanoma had been known to 
pathologists for more than a century and was 
shown to be due to autophagy (reviewed in 
Ref. 159), its frequency in human cancers 
had not been evaluated160. Analyses of several 
hundred cases have revealed that it is a 
common trait, expressed by 85% or more of 
melanomas43,159. It was further determined 
that coarse melanin-producing melanoma 
cells and melanophages (macrophages with 
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autophagolysosomal vesicles containing 
undigested melanin) account for the well-
known hypermelanotic regions of cutane-
ous malignant melanoma used in clinical 
diagnosis43,159. As in macrophage–melanoma 
hybrids, coarse melanin vesicles in human 
melanomas contained β1,6-branched oligo-
saccharides43,159. In cutaneous malignant 
melanoma, β1,6-branched oligosaccharide- 
positive, coarse melanin-producing 
melanoma cells emerge clonally as ‘nests’ 
within the in situ tumour and have the capac-
ity for invasion into the dermis43, 159. This is 
consistent with BMDC–tumour cell fusion 
as an explanation for the appearance of 
these cells (fIG. 1b). Moreover, β1,6-branched 
oligosaccharide-positive coarse vesicles with-
out melanin were common in all 22 types of 
human cancers studied and predicted worse 
outcome in primary breast carcinomas119,159. 
Although it is not certain that the coarse 
vesicular structures seen in other neoplasms 
were always due to autophagy, it nonetheless 
suggested that high levels of autophagy might 
be widespread, if not universal, in cancer. 
This was supported by separate molecular 
genetic studies also indicating that high 
levels of autophagy are common in cancer, 
in which they are associated with tumour 
survival and progression161–166. This could 
seem counterintuitive as autophagy has long 
been thought to be a catabolic event associ-
ated with cell death. However, more recent 
evidence indicates that autophagy can act as 
a pro-survival factor by producing a useable 
energy source for cancer cells deprived of 
an adequate blood supply. Thus autophagy 
might help drive metastatic progression 
where cells can produce nutrients distant 
from the primary tumour and its nutrient 
support system164,166.

Whether through BMDC–melanoma 
cell fusion or some other mechanism, the 
generation of β1,6-branched oligosaccharide-
positive coarse melanin appears to account in 
part for the well-known immunogenicity of 
malignant melanoma. These highly melan-
ized melanoma cells are immunogenic and 
attractive to macrophages43. One immune 
escape mechanism appears to involve the 
generation of variant tumour cells that no 
longer attract macrophages, for example 
through loss of melanin production and 
generation of amelanotic variants176. In cuta-
neous malignant melanoma, dermal nests 
of melanophage-free melanoma cells with 
reduced or absent melanin were nonetheless 
positive for β1,6-branched oligosaccharides 
and associated with worse patient outcome43.

Could autophagy in human cancer 
result from fusions between cancer cells 

and macrophages or other phagocytes? In 
fact, macrophages express active autophagy 
as a part of the pathway for digestion of 
phagocytosed microorganisms and cells167,168. 
Autophagy in macrophages is linked to 
phagocytosis, interestingly, another charac-
teristic of metastatic cancers169–173. Moreover, 
macrophage vesicles, like those in experi-
mental macrophage–melanoma hybrids and 
cancer cells, are positive for β1,6-branched 
oligosaccharides118,119,159. Therefore, activa-
tion of phagocytic and autophagic pathways 
in human cancers could reflect expression 
of imprinted genes of myeloid lineage in 
macrophage–tumour cell fusion hybrids. We 
suggest that, should cancer cell autophagy 
be linked to phagocytosis as it is in macro-
phages, nutrients could be continuously 
phagocytosed from external sources and 
digested through autophagy, rendering 
metastatic cells constitutively independent of 
a direct blood supply.

In summary, metastatic macrophage–
melanoma hybrids show high expression of 
SPARC, MET, MC1R, integrin subunits α3, 
α5, α6, αv, β1, β3, cell-surface LAMP1 and 
GnT-v and high levels of autophagy. This 
is paralleled in melanoma, and in a number 
of other cancers in which these molecules 
are associated with a migratory phenotype, 
enhanced survival, metastasis and poor 
outcome. Central to the metastatic pheno-
type is GnT-v which, through addition of 
β1,6-branched oligosaccharides to several of 
the above proteins, causes many phenotypic 
changes, including increased chemotaxis, 
melanogenesis and possibly autophagy. 
Expression of MC1R, MITF, MET, motil-
ity-related integrins, cell-surface LAMP1 
and GnT-v, and high levels of autophagy 
are also characteristic of monocytes and 
macrophages and other BMDCs. Thus, 
expression of these molecules in cancer 
could be a result of fusion of cancer cells 
with migratory BMDCs and co-expression 
of imprinted genes from both parental fusion 
partners. Although these molecules and traits 
are of course not the only factors involved 
in tumour progression, their high expres-
sion in BMDC–tumour hybrids provides a 
framework for understanding how fusion can 
explain metastasis (fIG. 4).

Problems and pitfalls
To prove fusion and genomic hybridiza-
tion requires identification of genes or 
chromosomes from both of the putative 
fusion partners in the same cell or cells. 
Hence, fusion has been well-documented 
in tumour xenografts in animals where 
hybrids were identified by the presence of 

both tumour and host genes. Little is yet 
known of the extent of cancer cell fusion in 
humans. Although a few human cases have 
recently been reported55–57,61,62, only one 
of these, involving macrophage–myeloma 

Figure 4 | a	model	for	generation	of	a	meta-
static	phenotype	following	fusion	of	a	mela-
noma	cell	with	a	macrophage.	a | A macrophage 
is attracted to a non-migratory melanoma cell 
in situ. The epigenomes of the two cells reflect 
their myeloid and melanocytic lineages respec-
tively. The melanoma cell produces ‘fine’ or ‘dusty’ 
melanin — individual melanosomes in the cyto-
plasm, generally with a golden-brown colour. 
Melanoma-associated macrophages are known 
as melanophages because they are laden with 
autophagolysosomal vesicles containing residual 
melanin from engulfed and digested melanoma 
cells, and thus at times are difficult to distinguish 
from melanoma cells at the light microscope 
level43,159,160. b | The macrophage and melanoma 
plasma membranes form close appositional con-
tacts, normally as a prelude to ingestion and 
destruction of the melanoma cell43. However in 
some cases the two cells fuse. c | Following fusion 
a heterokaryon is formed with the two nuclei 
separate in the cytoplasm. d | Genomic hybridiza-
tion occurs and a mononuclear macrophage–
melanoma hybrid emerges. From studies of 
macrophage–melanoma hybrids generated 
experimentally in vitro and of melanoma–host 
hybrids generated spontaneously in mice, such 
hybrids have a deregulated cell cycle, are aneu-
ploid and exhibit epigenomes of both parental 
lineages. Some exhibit the myeloid capability for 
chemotaxis in vitro and tropism in vivo, common 
characteristics of metastatic cells.
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fusion in osteoclast formation, definitively 
proved fusion55. The use of myeloma clone-
specific immunoglobulin rearrangements 
as parental markers of myeloma cells can 
thus be used to further investigate questions 
of fusion in myeloma55. Other studies have 
suggested that incorporation of BMDCs 
into tumour cells can occur through dif-
ferentiation or neoplastic transformation 
without fusion61,62,174. It is possible that both 
mechanisms are operative in cancer as well 
as in healthy tissue regeneration and repair, 
and this remains to be resolved. The use 
of allogeneic HSC transplants in medicine 
followed by the unfortunate development 
of secondary malignancies provides a 
potential source of pathology material 
for study56,57. However, such cases are in 
limited supply and it will take some time 
to determine the extent of fusion in human 
cancer by this technique alone. Another 
problem is that the frequency of cancer cell 
fusion may be low, as it is in culture (~1 in 
105–107 non-fused cells), making fusion 
events difficult if not impossible to follow 
in vivo53. Also, depending on the time when 
a particular tumour is analysed, the number 
of hybrid cells could range from none, 
should hybridization not have occurred, 
to 100% if hybrids had overgrown a pre-
existing tumour or initiated a new tumour, 
for example, a metastasis. Further, hybrid 
cells in a tumour could result from a single 
progenitor hybrid or from multiple hybrids 
formed from separate fusions. It is thus dif-
ficult to study the molecular mechanisms 
of cancer cell fusion in vivo, or to estimate 
its frequency. Until more progress is made 
in these and other areas, the effect of 
BMDC incorporation into human tumours, 
whether by fusion or other mechanisms, 
remains to be determined.

Concluding remarks
Tumour cell–BMDC fusion as a source 
of metastatic cells would imply that 
prevention of fusion or of early, rate-
limiting post-fusion events might prevent 
metastasis (for example see Ref. 175). With 
better understanding should come better 
strategies for targeting vulnerable steps 
in fusion and the generation of hybrids. 
Post-fusion events and hybrid formation 
could present other fruitful areas of focus, 
for example, molecular steps governing 
the integration of parental fusion partner 
genes into hybrid genomes, or those 
involved with activation of master regula-
tory genes that are rate-limiting in the 
development of a migratory phenotype. 
Early post-fusion cells are also likely to 

express unique antigenic profiles, making 
them susceptible to immunotherapy.

The cancer cell–BMDC fusion theory 
presents a unifying explanation for tumour 
progression. It seems that this theory is 
not only possible but likely to be correct to 
at least some degree, with the remaining 
question being how extensively does it con-
tribute to progression of human cancers? 
In our opinion the theory deserves far 
more attention from the cancer research 
community than it currently receives. 
Should cancer cell–BMDC fusion be 
determined to drive tumour progression in 
humans, surely new therapeutic strategies 
would follow.
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