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Abstract
Cell fusion in vitro has been used to study cancer, gene mapping and regulation, and the
production of antibodies via hybridomas. However, in-vivo heterosynkaryon formation by cell-
cell fusion has received less attention. This investigation describes the spontaneous fusion of a
human glioblastoma with normal hamster cells after xenogeneic transplantation, resulting in
malignant cells that express both human and hamster genes and gene products, and retention of
glioblastoma traits with an enhanced ability to metastasize. Three of 7 human genes found showed
translation of their proteins during serial propagation in vivo or in vitro for years; namely, CD74,
CXCR4, and PLAGL2, each implicated with malignancy or glioblastoma. This supports the thesis
that genetic hybridization of cancer and normal cells can transmit malignancy and also, as first
described herein, regulatory genes involved in the tumor’s organotypic morphology. Evidence also
is increasing that even cell-free human cancer DNA can induce malignancy and transfer genetic
information to normal cells. Hence, we posit that the transfer of genetic information between
tumor and stromal cells, whether by cell-cell fusion or other mechanisms, is implicated in the
progression of malignancy, and may further define the crosstalk between cancer cells and their
stromal neighbors.
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Introduction
It is 4 decades since the first reports of in-vivo fusion of human tumor and normal animal
host cells based on heterosynkaryon formation and biochemical evidence of both species,1–7
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suggesting that cell fusion is a mechanism for the horizontal transmission of malignancy and
tumor progression.1,6,7 This was proposed already at the beginning of the 20th century by
various German pathologists.1,8 Subsequently, numerous studies confirmed in-vivo intra-
and cross-species fusion of malignant and normal cells, leading to increased malignancy in
the progeny,9–14 and that fusions with hematopoietic or myeloid cells occur experimentally
and possibly clinically.11,14–16 The role of cell fusion in biology, particularly organogenesis
and tissue regeneration, viral transfer, and cancer has been the subject of recent
reviews.15,17–22 However, despite reports of the induction of malignancy in rodent hosts
given human tumor cells, there is a paucity of evidence that these are stable hybrid tumors
retaining human genes, or even expressing their products during serial in-vivo propagation.
Usually, most human chromosomes are lost with subcultivation of hybrid cells, either in
vitro or in vivo.23 With current techniques for disclosing DNA and its protein products in
paraffin sections, we determined if human genes were retained and were functional over
long-term passage of a spontaneous human-hamster hybrid tumor. This cross-species model
provides a means of distinguishing the genetic contribution of a cancer from its
mesenchymal stroma (defined broadly as fibroblasts, endothelial cells, macrophages, etc.)
by having the latter from another species. In contrast, homotypic cell-cell fusions have relied
on genetic or sex chromosome differences between donor and recipient in the absence of
synkaryon formation.16,21,24 We now report that the hybrid tumor that became a serially
propagated, metastatic, stable cell line in hamsters retained at least 7 human genes (of 12
tested), and continued to express, surprisingly, at least 3 human gene products, each
implicated with oncogenesis or with the glioblastoma morphological phenotype. This
indicates that horizontal gene transfer by cell-cell interaction can occur between mammalian
cells of the same or a different species with profound implications in biology and pathology.
We believe this is the first report of the serial propagation of heterosynkaryons expressing
dual-species genes, including human malignant and organotypic genes in a predominately
hamster host cell.

Materials and Methods
Transplantation studies

As described previously,6 an aliquot of a glioblastoma multiforme (GBM) from the brain of
a 44-year-old female was injected as a cell suspension into the cheek pouches of 9 adult
male Syrian golden hamsters not receiving any immunosuppressive conditioning. One
resulting cheek pouch tumor was further passaged serially to successive hamster generations
both in cheek pouches and intraperitoneally during the next year. A portion of this tumor
was cloned and propagated in-vitro over 31 months and then regrafted in hamster cheek
pouches to confirm stable morphology and metastasizability. Cell cultures were derived
from cheek pouch tumors that were trypsinized and the resulting diluted cells grown in
flasks containing Eagle’s Minimum Essential Medium with Hanks’ salts and fetal calf serum
(Gibco, Grand Island, NY), supplemented with antibiotics and mycostatin, as described.25

Animal studies were conducted with approval of the Institution’s Animal Care and Use
Committee.

Antibodies
Humanized monoclonal antibodies hLL1 (milatuzumab; anti-CD74) and hA20 (veltuzumab;
anti-CD20, used as a non-binding control) were provided by Immunomedics, Inc. (Morris
Plains, NJ). Polyclonal goat anti-GFAP (C-19), polyclonal goat anti-PLAGL2 (C-16) and
mouse anti-fusin (CXCR4; clone 12G5) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). A considerable number of other anti-human protein antibodies evaluated
for their reactivity with GB-749 were found to be negative, and are listed in Supplementary
Information (Supplementary Table S1) online.
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Fluorescence in-situ hybridization (FISH)
Tissue sections were deparaffinized and processed by FISH for hamster X chromosome and
human paracentromeric probes, as described in the Supplementary Information online.

Preparation of DNA from human lymphoma cells
Human and hamster genomic DNA were purified from Raji and CHO cells, respectively,
(ATCC, Manassas, VA) as positive controls. DNA was extracted from 106 cells using
DNeasy Tissue Kit (Qiagen, Germantown, MD), according to manufacturer’s instructions.

Preparation of DNA from paraffin-embedded tissues
Paraffin-embedded tissues of human and hamster normal tissues and tumors, or GB-749
transplants, were cut in 4–5-μ sections. Following the dissolution of paraffin in xylene,
DNA was extracted from each section using QIAamp DNA FFPE Tissue Kit (Qiagen,
Germantown, MD), according to manufacturer’s instructions.

PCR
The primers for CD74 gene were designed for the largest exon (exon 2) using Vector NTI
(Invitrogen, Carlsbad, CA); CXCR4 and PLAGL2 gene primers were selected from UniSTS
database of NCBI. The primers and their sources for other genes are provided in Table S2 in
the Supplementary Information online. All primers were custom-made by Eurofins MWG
Operon (Huntsville, AL).

Each PCR sample contained 1 µL of DNA, 2.5 µL of 10 X PCR buffer, 2.5 µL of the
respective primer pairs (20 µM each), and 5 units of AmpliTaq DNA polymerase. The PCR
was repeated for 50 cycles, each consisting of denaturation at 94 °C for 30 sec, annealing at
58 °C for 30 sec, and polymerization at 72°C for 30 sec. The amplified fragments were
analyzed on 2% agarose gel. The 10X PCR buffer and the AmpliTaq DNA polymerase were
purchased from Applied Biosystems (Foster city, CA).

Immunohistochemistry (IHC)
Paraffin-embedded specimens were cut to 4-μ sections on superfrost plus adhesive slides
(Thermo Scientific, Waltham, MA), and deparaffinized by routine methods. Primary
antibodies, along with the appropriate species non-binding controls, were then used at
concentrations ranging from 1–10 µg/mL. An appropriate species-specific ABC Vectastain
kit (Vector Laboratories, Burlingame, CA) was then used as per the manufacturer’s
instructions for labeling tissues. For interpretation, a positive reaction was considered to be
staining >5% of the appropriate tissue/cells. Murine irrelevant myeloma antibody (P3-X63-
Ag8.653) from ATCC served as a negative control.

Results
Transplantation history, morphology and karyology

After transplantation of the primary human GBM (Fig. 1A), the resulting cheek pouch tumor
initially showed a more uniform anaplastic character with abundant cytoplasm in the first
transplant generation (Fig. 1B), but had resemblance morphologically to the original GBM
in later cheek pouch grafts and distant metastases, with a pseudopalisading, lobulated pattern
and/or sheets of cells, even after 32 transplant generations over 2 years (Fig. 1C). The very
first generation animal grafted expired after 4 weeks, with metastases to its lungs (Fig. 1D),
liver, and other major organs. Over the course of 3 years, tumor aliquots were transplanted
to other hamsters, both in the cheek pouch and intraperitoneally as an ascites cell population,
were grown in cell culture for up to 31 months and reestablished in vitro and in vivo,
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becoming a continuous cell line (designated GB-749). In all transplant settings, from the
very first graft, GB-749 was widely metastatic and lethal. The grafting of human tumor cells
to hamsters resulting in highly malignant serial transplants has been reproduced by us 14
times with other human tumors of diverse histopathology, of which 3 that were evaluated,
GW-127, GW-478, and GB-749, had evidence of undergoing in vivo cell fusion based on
karyological, isoenzyme, or immunological analyses.1–6

Cells from early GB-749 transplants were cultivated in vitro and subjected to cytogenetic
analysis by the trypsin-Giemsa banding method, including also the cancer patient’s
peripheral blood cells for comparison, and contained both hamster and human
chromosomes, with human chromosomes 2, 3, 7, 9, 12, 18, and 21 being identical to those of
the patient’s cells.6 Up to 11 human chromosomes were identified in various frequencies in
over 20 karyotypes evaluated, with the highest number being observed for human
chromosomes 2, 3, 11, 18, and 21. However, the majority were hamster chromosomes.6

With evidence of both human and hamster chromosomes in the same cells of the transplants,
thus confirming heterosynkaryons, we asked if human genes survived continuous
propagation of these highly malignant hybrid tumors by examining both human and hamster
genomic DNA by fluorescence in-situ hybridization (FISH), human genes by polymerase
chain reaction (PCR), as well as expression of human gene products by
immunohistochemistry (IHC). Both cheek pouch transplants and their metastases during
long-term passage were tested.

FISH
The third generation GB-749 transplant (after 4 weeks of growth in hamsters) and control
GW-39 human colonic carcinoma grown in the hamster cheek pouch or nude mice for over
40 years and proven to be a completely human cell line26 were hybridized with human
pancentromeric and hamster X-chromosome probes. Figs. 2A–2C demonstrate that signals
for the hamster and human probes were detected within the same cells, thus again proving
human-hamster heterosynkaryons. The control GW-39 human colon cancer transplant (Figs.
2D–2F), in contrast, showed that the green signal of the hamster probe was observed only in
the surrounding hamster tissue, while the red signal for the human pancentromeric probe
was specific to the human malignant signet-ring carcinoma cells typical for GW-39.26 The
overlay (Fig. 2F) emphasizes that the human and hamster probes hybridize mutually
exclusively with either hamster cheek pouch or human tumor xenograft cells, indicating that
in this case, no chromosome transfer occurred and that the GW-39 xenograft remained a
truly human tumor during its 40-year transplant history. These FISH results confirm the
chromosome analysis that suggested that GB-749 was a spontaneous human-hamster hybrid
transplant.6

PCR for human genes
Since human chromosomes were present in these heterosynkaryons that showed a highly
malignant phenotype during serial propagation, we determined if certain human genes were
retained and were possibly also functional after long-term passage in a foreign host. The first
genes of interest were 12 implicated with oncogenesis and particularly glioma formation.
The primers of 12 genes of interest were designed for the largest exon (Supplementary
Information Table S2), and then used for PCR of human genomic DNA purified from
paraffin sections of various GB-749 transplant generations, as well as control human and
hamster normal tissues and tumors. In Fig. 3, the agarose gels show the retention of human
genomic DNA for CD74, CXCR4, PLAGL2 in the GB-749 transplants, but not in the
control hamster tissue. Normal human tissue and Raji Burkitt lymphoma cells served as
positive controls, confirming the preservation of these human genes for over a year of
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GB-749’s propagation in vivo. Table 1 lists human genomic DNA for 4 additional genes,
glial fibrillary acidic protein (GFAP), vimentin (VIM), p53 (TP53), and epidermal growth
factor receptor (EGFR), which also were retained in early and late GB-749 transplants in the
hamster. The human chromosomal assignments are provided for all 7 genes, and indicate the
retention of genomic DNA from at least 6 human chromosomes. These correspond to many
of the human chromosomes identified previously by Giemsa-banding in these transplants,
such as chromosomes 2, 7, 9, and 10.6 It appears that two genes on chromosome 17 (GFAP
and TP53) were retained. However, other human genes tested, such as, TNC (tenascin C),
MIF (macrophage migration-inhibitory factor), CXCL12, and CDKN2A (p16), were not
detectable by the method used (Table 1). Whether the 7 human genes propagated in GB-749
transplants are part of intact human chromosomes or fragments, or translocated onto hamster
chromosomes as ‘jumping genes,’ is not known, but intriguing to speculate.

Protein expression by IHC
IHC staining of paraffin sections of early and late cheek pouch and ascites tumor
generations of GB-749 showed that human CD74, CXCR4, and PLAGL2 proteins were
expressed in serial transplants of GB-749, but not in control normal or malignant hamster
tissues (Fig. 4 and Table 2), nor when using an irrelevant murine myeloma antibody.
However, proteins related to many human genes, 4 of which were present in GB-749
(GFAP, VIM, EGFR, and TP53), were not detected, at least at the level of sensitivity
provided by the immunohistochemical method employed (Tables 1 and 2). We also found
that 7 of 8 other patient GBM specimens tested had elevated expression of CD74 (Table 2).

Discussion
In addition to the elucidation of cancer oncogenes, tumor-suppressing genes, and microRNA
genes, recent attention has focused on the interaction of the tumor parenchyma with its
stroma, including fibroblasts, endothelial cells, macrophages, and diverse inflammatory
cells.27–30 This stromal component was originally thought to be supportive and even
reactive (‘desmoplasia’) to the growth of cancer cells, but recent evidence describes an
interplay between these two components, and that this interaction can affect tumor
progression, either by promotion or inhibition.27–30 Cancer-associated fibroblasts (CAF) that
are oncogenic to epithelial cells have been described.27 However, little is known how altered
stromal cells in a cancer gain and maintain their cancer-enhancing phenotype, and what
genetic or epigenetic mechanisms are involved in this crosstalk between tumor and stromal
components, including those derived from bone marrow.30

Our findings now demonstrate the genetic transfer of malignancy and certain gene functions
between a human cancer and the stroma of its xenogeneic host, suggesting that
heterosynkaryon formation, presumably by cell-cell fusion, is the mechanism by which a
genetic transfer occurs between the tumor and its new stroma, facilitating the progression of
malignancy to the aggressive state of metastasis. In addition, both malignancy and the
organotypic features of the original human glioblastoma were stable in the hybrid tumor
transplants despite loss of most human chromosomes. However, which stromal cell (e.g.,
macrophage or fibroblast) of the hamster was the partner in this fusion is not known.
Although this is not an autochtonous model of cancer within its original host, cell-cell fusion
or, more generally, DNA transfer, may be an important mechanism by which a tumor’s
parenchyma and stroma orchestrate cancer development and progression. These results also
suggest that typically non-metastatic glioblastoma does have the potential to acquire this
property in the different setting of a xenogeneic host, similar to our experience with other
human cancer types,1–5 and other recent evidence that hybrid tumors can access new traits
from their parental cells.24 This report of GBM fusion with normal hamster cells is not
unique, since we have observed the generation of highly malignant serial transplants in
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hamsters receiving human tumors of diverse histopathology 14 times, proving in-vivo cell
fusion by karyological, enzymatic, and immunological methods,1–6 but without assessing
the stable maintenance and expression of human genes.

A corollary investigation of interspecies hybridization similar to these in-vivo studies with
human transplants was undertaken by the in-vitro fusion of a murine melanoma with normal
hamster cheek pouch cells, resulting in hybrid tumor cells that were more hamster than
murine in terms of antigenic and isoenzyme profiles, but with retention of murine melanoma
marker chromosomes among a majority of hamster chromosomes.25 Interestingly, the hybrid
cells were more malignant in the hamster than the original melanoma cells were in mice,
whereas the murine melanoma could not grow in hamsters nor could the hybrid tumor cells
proliferate in genetically compatible mice.

Despite evidence of artificially fused tumor/normal cells being cultivated in vitro and
sporadic evidence of spontaneous fusion in vivo,9–14 little attention has been given to the in-
vivo stability of such hybrid tumors, particularly the continuous retention of genes from the
original tumor and an analysis of which genes are active in translating their respective
proteins. Herein, we show, for the first time, that a human GBM grafted to hamster cheek
pouches produced a hybrid human/hamster tumor with segregation of mostly human
chromosomes happening in the first transplant generation (within a week), and with
evidence widespread metastasis, but with the retention over more than 3 years of at least 7
genes from 6 human chromosomes, of which 3 continued to translate their respective
proteins.

It is intriguing to consider why CD74, CXCR4, and PLAGL2 gene products were all
translated and expressed continuously in GB-749 transplants, whereas those of other human
genes retained, such as GFAP, VIM, TP53, and EGFR, were not. Do the 3 functional genes
play a role in the hybrid tumor’s growth behavior and pattern? CD74 is the membrane form
of invariant chain (Ii) of HLA class II, whose function is as a chaperone molecule
controlling antigenic peptide loading and transport to the plasma membrane. It is also
important for the regulation of B-cell survival by macrophage migration-inhibitory factor
(MIF), and is expressed in a number of solid tumors, even being a prognostic marker in
pancreatic and other cancers.31 In this study, we found its expression in 7 of 8 primary GBM
specimens in addition to GB-749. Interestingly, it has been shown that CD74 interacts with
CXC chemokine receptor, CXCR4 (also called fusin), the second chemokine receptor that
mediates MIF-specific signaling,32 and which is also expressed in GB-749. CXCR4 is a G-
protein receptor for stromal-derived-factor-1 (SDF-1 or CXCL12). Together with CXCL12,
CXCR4 has been implicated with the proliferation, motility, homing, and metastasis of
cancer cells, especially glioma cell invasion,33 where it is associated with regions of
necrosis and angiogenesis.34 It was also characterized as a GBM oncogene.35 Further, both
CXCL12 and CXCR4 are expressed in pseudopalisading cells localized around necrosis, a
hallmark of glioblastoma and GB-749.

The third human protein expressed by GB-749 is coded by the Pleiomorphic Adenoma Like
2 (PLAGL2) gene, originally associated with pleiomorphic adenomas, and implicated in the
development of malignancies, such as glioblastoma, where it also has been identified as an
oncogene.36 Thus, all 3 functional genes found in GB-749 transplants have either been
implicated in cancer survival, invasion and metastases, or have a particular role in the
biology or genesis of glial tumors, including oncogenic properties (CXCR4 and PLAGL2).

It is not clear, however, how such horizontally-transmitted human DNA transcribes specific
functions of the original human tumor, such as its organotypic morphology, in the progeny
hybrid tumor cells. In another model, the transfection of human small-cell carcinoma DNA
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into murine host cells in vitro resulted in fibrosarcomas with a neuroepithelial phenotype,
confirming that such organoid regulatory gene sequences can be transcribed and
expressed.37 In the current studies, it appears that the typical GBM phenotype was
genetically transferred and translated, because glioblastoma-like pseudopalisading, necrosis,
and a lobulated growth pattern with sheets of cells, including vascular hyperplasia, were
retained in long-term transplants. This observation needs to be examined in other instances
of highly metastatic tumors arising rapidly after human tumor transplantation, in order to
assess if this method of cell fusion could allow assigning organoid properties to specific
gene loci. Indeed, cell fusion has also indicated organ-specific metastasis gene signatures.38

Related to our observations is the grafting of normal human hematopoietic stem cells to fetal
pigs, resulting in hybrid cells containing porcine and human chromosomal DNA that express
both species’ proteins.17 It was also shown that the hybrid cells contained porcine
endogenous retroviral DNA that permitted viral transmission to uninfected human cells in
vitro. This evidence of spontaneous fusion in vivo between normal cells and subsequent
retroviral transmission has been discussed as a mechanism for the potential transfer of viral
or other infectious organisms between species by cell-cell contact.17 Indeed, the role of
tumor viruses in cell fusion and malignancy (with the identification of prevalent fusogenic
viruses), particularly involving macrophages, has been suggested by others.19,39

Our results with GB-749 and other human tumor-hybrid transplants support the notion that
genomic change in the transplanted tumor by means of interaction with host stroma is
implicated in malignant progression, whereas non-hybrid tumor xenografts rarely show
evidence of spontaneous metastasis. From a clinical perspective, it is important to ascertain
(i) whether and how frequently such events occur in human cancers, (ii) when they may
occur in a tumor’s development, (iii) if fusions with stromal cells (fibroblasts, endothelial
cells, macrophages, etc.) are restricted to the primary tumor or can also involve metastases,
and (iv) its role in evoking chemoresistance,19,22 and escape from host immunity.1

These tumor-host genetic transfer results support an emerging view that genomic alterations
in the stroma can be induced by the tumor and vice versa, affecting the genetic composition
and behavior of the neoplasm. One explanation is that stromal components of epithelial
tumors are implicated in the tumor’s phenotype and contribute genetically to the tumor’s
progression. Supportive evidence is based on alterations of the genomic DNA of stromal
cells during the establishment of human tumor cell lines in nude mice,40 and also by the
genetic analysis of stromal cells within human breast cancer xenografts.41 Conversely, as
mentioned, there is an expanding literature disclosing oncogenesis in non-malignant
epithelial cell lines induced by CAFs,17 and also CAFs being important constituents of a
tumor that metastasizes by actually traveling with the metastases.42

Indeed, evidence that stromal cells within a tumor can be truly malignant was reported
already in 1981, when fibroblasts from human epithelial tumor transplants in nude mice
developed invasive and metastatic murine fibrosarcomas that killed either the nude mice or
genetically-compatible, immunocompetent mice of the same genetic background.43 Also, a
human ovarian cancer transplant to nude mice showed both epithelial and sarcomatous
malignant cell populations, being of human and murine origin, respectively.44 Only the
murine sarcoma cells, presumably induced by the human carcinoma, were metastatic and
lethal in both nude and immunocompetent mice of the same genetic background. In fact, the
development of a stromal malignancy within an epithelial tumor is not a new finding, having
been observed repeatedly.45 Already in 1905, Ehrlich and Apolant speculated that ‘chemical
substances’ produced by rodent carcinoma cells could transform adjacent connective tissue,
since they observed a sarcomatous transformation in vivo.46 This collateral induction of
malignancy is consistent with the experiences of human histopathology, where mixed tumor
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types and lineage transformation are not infrequent. In this regard, we propose that
dedifferentiation, which is associated with aneuploidy and enhanced malignancy, can result
from a genetic interaction between tumor and its stromal cells, increasing ploidy and having
variable effects on organoid or tissue-specific morphology.

A critical question is whether cell-cell fusion or yet other mechanisms of human gene
transmission are essential in the horizontal transfer of malignancy and organotypic features.
Recent studies indicate that DNA, as well as epigenetic factors, can be released from human
tumors and transform normal cells, such as via membrane-derived vesicles, or exosomes,47

or DNA in cancer patient plasma.52 The latter authors showed that embryonic murine
fibroblasts were transformed after incubation with plasma from cancer patients but not from
normal individuals. They also reported that mutated KRAS sequences could be detected in
both the murine tumors induced as well as in distant organs of the mice transplanted with
murine cells transformed by human patient plasma.48 This is consistent with the finding of
human proteins expressed in various porcine tissues after normal human bone marrow cells
fused in vivo with fetal pig cells.17

In conclusion, we describe, for the first time, the transfer of at least 7 human genes to
normal xenogeneic host cells via heterosynkaryon formation, and their retention in vivo
during long-term serial passage. Of these, at least 3, CD74, CXCR4, and PLAGL2, all
implicated with oncogenesis and tumor progression, were translated. In particular, PLAGL2
and CXCR4 have been reported as oncogenes for glioblastoma,35,36 and CXCR4 has been
associated with the glioblastoma organoid phenotype, which is also expressed by the
serially-propagated hybrid tumor, GB-749. Our results confirm that genetic exchanges can
occur between tumors and the stroma of their microenvironment, either by a mechanism of
cell-cell fusion or, as cited from the literature, other methods of DNA transfer, thus
providing the tumor with new attributes for survival, yet can retain regulatory proteins that
control a tumor’s morphological phenotype and possibly even gain new traits. These events
are consistent with emerging concepts that cancers and their disseminated cells are
influenced by local and distant environmental factors derived from both normal and
malignant cells.27–30 Indeed, the morphological diversity observed occasionally in different
parts of the same cancer, as well as between primary and metastatic tumors and even
between different metastases of the same tumor, is consistent with the genetic disparity
observed between primary tumors and their metastases.49 This stimulates speculation that
the mechanism of this diversity between different lineages within a tumor and between
different tumors within the same patient is the horizontal transmission of genes and gene
products between cells, whether by cell-cell fusion or by incorporation of circulating genetic
or epigenetic factors derived from tumor and/or stromal cells. This could also explain the
induction of the cancer-enhancing phenotype described for stromal cells within a
cancer,27–30 and how cancers become metastatic.1,6,15 Evidence in a murine model that
intestinal inflammation and epithelial proliferation are both involved in promoting cell
fusion50 further supports the hypothesis that this mechanism also may be implicated in early
oncogenic events, as proposed many years ago.1

Novelty

We report the long-term propagation in hamsters of a human glioblastoma which had
spontaneously fused with hamster stromal cells in vivo. The hybrid tumor retained
functional human genes associated with malignancy and the original human tumor’s
morphologic phenotype during serial transplantation and cell culture. Three of these
genes were translated to their respective proteins. We believe that this is the first report of
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functional human genes surviving long-term xenogeneic passage of a human tumor, yet
being highly metastatic in the animal host.

Significance

This paper discusses these findings in relation to the expanding literature on in-vivo cell
fusion and horizontal gene transfer involving oncogenesis, as well as, more generally, the
interaction between cancer parenchymal and stromal cells in the progression of
malignancy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Microscopic morphology of primary human glioblastoma and growth as a xenograft
(GB-749) in the hamster cheek pouch; representative hematoxylin-eosin staining of tumors.
A: The primary clinical specimen exhibits a moderately cellular neoplasm with vascular
hyperplasia and little necrosis. B: In the first generation hamster transplant, a more uniform
anaplastic nature with more abundant cytoplasm is observed. C: Later xenograft generations
show greater similarity to the patient’s primary tumor, with a pseudopalisading, lobulated
pattern and/or sheets of cells consistent with a glioblastoma morphology. D: The highly
aggressive nature of GB-749 is reflected by numerous spontaneous metastases in the lungs
and other hamster organs, which are necrotic, replacing most of the normal parenchyma.
Scale bar in D corresponds to 100 µm (A,B,C,D).
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Figure 2.
FISH of GB-749 tumor cells was performed with the hamster X-chromosome (green) and
human pancentromeric (red) probes to evaluate the co-existence of species-specific genomic
material within these cells. A human colon carcinoma (GW-39) grown in the hamster cheek
pouch served as a positive control. Within the GB-749 tumor cells, the hamster (green) and
human (red) probes are identified in most cells and co-localized to the same cells
(Photoshop composite). On the other hand, human and hamster chromosomes show distinct,
cell-specific localization within the colon carcinoma xenograft, with hamster stromal tissue
and human colon tumor cells identified. DAPI background staining was performed on all
tissues to identify the nuclei. Scale bar in F corresponds to 50 µm (A,B,C) and 75 µm
(D,E,F).
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Figure 3.
PCR evaluation of GB-749 for the presence of CD74, CXCR4, PLAGL2 and TNC genes.
DNA was extracted from formalin-fixed, paraffin-embedded specimens to be used as
templates for PCR amplification with primers, as described in Supplementary Table S2. The
individual panels demonstrate the presence or absence of each gene within human spleen
(lane 1), hamster spleen (lane 2), Raji human lymphoma cells (lane 3), primers alone (lane
4), GB-749 generation-4 (lane 5), and GB-749 generation-29 (lane 6). Size markers are
shown in lane M. A band at the correct size (145 bp) was observed for both GB-749
specimens and positive controls (Raji and human spleen) when evaluated for CD74. The
presence of CXCR4 and PLAGL2 are shown within their respective panels with a band at
the correct size (190 bp for CXCR4 and 304 bp for PLAGL2) detected for both generations
of GB-749 and positive controls, whereas TNC (tenascin C) was not detected in either
generation of GB-749 xenotransplants. Hamster spleen (lane 2) was negative for all human
genes tested; however, panel E demonstrates the presence of hamster DNA (β-actin) in
Chinese hamster ovary (CHO) cell line (lane 1) and hamster spleen (lane 2), but not in Raji
human lymphoma cells (lane 3).

Goldenberg et al. Page 14

Int J Cancer. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Staining of human CD74, CXCR4, PLAGL2 and GFAP (latter not shown) human proteins is
observed within the tumor cells of the primary GBM. GB-749 xenotransplants, whether
growing in the hamster cheek pouch or metastatic sites, show evidence of human CD74,
CXCR4 and PLAGL2 expression. Staining is within the tumor cytoplasm and nucleus,
similar in generations 1 through 32. Irrelevant, isotype-matched, control antibody gave
negative results with all tissues evaluated. Scale bar in bottom right corresponds to 100 µm
for all photomicrographs.
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Table 2

Immunohistochemical detection of biomarkers in GB-749 xenografts and control tissues.

Specimen CD74 CXCR4 PLAGL2

GB-749 Primary + + +

Hamster Cheek-Pouch GB-749 Xenograft Tumors

   Gen-1 + + NDa

   Gen-2 + + +

   Gen-3 + + +

   Gen-4 + + +

   Gen-6 + + +

   Gen-7 + + +

   Gen-31 + + +b

   Gen-32 + + +

   Gen-45 + + +

GB-749 Gen-1 Metastases

   Lung + + ND

   Liver + + ND

Normal Hamster Tissues

   Cheek Pouch − − −

   Lung − − −

   Liver − − −

   Spleen − − −

   Kidney − − −

Control Grafted Tumors

   Hamster Melanoma − − −

   Human Colon Cancer (GW-39) + − −

   Human Lymphoma (Raji) + + +

Other Primary GBM Tumors + (7/8) + (6/8) + (5/7)

a
ND - Not Done (insufficient tissue);

b
Result is for Gen-29.
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