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Cell fusion likely drives tumor evolution by undermining chromosomal and DNA stability and/or by
generating phenotypic diversity; however, whether a cell fusion event can initiate malignancy and direct
tumor evolution is unknown. We report that a fusion event involving normal, nontransformed, cytoge-
netically stable epithelial cells can initiate chromosomal instability, DNA damage, cell transformation,
and malignancy. Clonal analysis of fused cells reveals that the karyotypic and phenotypic potential of
tumors formed by cell fusion is established immediately or within a few cell divisions after the fusion
event, without further ongoing genetic and phenotypic plasticity, and that subsequent evolution of such
tumors reflects selection from the initial diverse population rather than ongoing plasticity of the progeny.
Thus, one cell fusion event can both initiate malignancy and fuel evolution of the tumor that ensues.
(Am J Pathol 2015, 185: 2049—2060; http://dx.doi.org/10.1016/j.ajpath.2015.03.014)

The multiple genetic changes that convert a normal cell to
a malignant cell likely occur in one of the following two
pathways: the pathway involving the accretion of point
mutations with or without ensuing chromosomal damage
over time' " or the pathway involving a catastrophic
event causing manifold genetic changes, including those
underlying malignant transformation.”” Inherited defects
in DNA repair, exposure to ionizing radiation, and
infection with oncogenic viruses accelerate the accumu-
lation of multiple discrete mutations or DNA damage and
hence the development of cancer.” However, inheritance,
infection, or instantaneous exposure to an environmental
carcinogen cannot explain the inception of most cancers.
Hence, identification of discrete events that cause normal
cells to undergo oncogenesis remains a compelling
challenge.

For many years, cell fusion has been considered in theory
an appealing explanation for oncogenesis. Cell fusion can
be detected in existing cancers.® '’ Cell fusion can generate
aneuploidy, chromosomal instability, and DNA damage, all
of which might cause multiple genetic changes and can-
cer.'''? Cell fusion might explain how terminally differ-
entiated, nonproliferating cells initiate tumors.'"'**"
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However, cell fusion by itself has never been proven to
initiate malignancy. Lack of such proof reflects the exi-
gencies of experimental systems used for analysis of kar-
yotype and malignant transformation (ie, proliferation of
parent and fused cells over multiple generations). Formation
of tumors has never been found to occur as a consequence
of spontaneous fusion of cells in whole animal sys-
tems.'*'>2!72% Therefore, the question of whether cell
fusion can initiate cancer remains a matter of speculation.

We tested whether cell fusion can initiate tumors using
IE-6 cells. Originally isolated as outgrowths from fragments
of rat intestine,” IEC-6 cells are considered the archetype of
normal intestinal crypt epithelial cells.”® ** As in normal
crypt epithelium, the proliferation and differentiation of
IEC-6 cells are likely governed by the caudal type homeo-
box genes Cdx! and Cdx2,”” " and the cells have a stable
karyotype, nontransformed phenotype and are unable to
form tumors at repeated passage in cultures.”® *® To
generate sufficient numbers of fused and unfused cells, we
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used polyethylene glycol (PEG), which does not promote
and in fact might inhibit oncogenesis,”” to facilitate fusion
and isolated and cloned the ensuing hybrids. Analysis of
these clones reveals that cell fusion engenders aneuploidy,
DNA damage, phenotypic heterogeneity, transformation,
and the capacity to form tumors and that these properties are
established immediately or within a few cell divisions after
the fusion event.

Materials and Methods
Animal Study

The use of animals was in accord with all guidelines of and
was approved by the University of Michigan Committee on
Use and Care of Animals and the National Institutes of Health.

Cell Cultures

IEC-6 cells (ATCC, Manassas, VA) cultured from epithelial
cell outgrowths from fragments of intestine of germ-free rats
as epithelial cell cultured in the presence of collagenase
were used.”® The cells were cultivated in Dulbecco’s
modified Eagle’s medium with 0.1 U/mL of bovine insulin
and 10% heat inactivated fetal bovine serum in a humidi-
fied, 37°C incubator containing 10% carbon dioxide. HeLa
cells (ATCC) from adenocarcinoma of the cervix”™ were
cultivated in Dulbecco’s modified Eagle’s medium with
10% heat inactivated fetal bovine serum.

Cell Fusion and Sorting

Cells were grown to approximately 80% confluence and then
labeled with 10 pM carboxyfluorescein diacetate succini-
midyl ester (CFSE) or with carboxylic acid acetate succini-
midyl ester (SNARF-1) (Invitrogen, Grand Island, NY),
which have distinct spectral properties. After entering cells,
CFSE and SNARF-1 undergo chemical reactions that cause
the dyes to be retained in cytoplasm. Labeled cells were
released with trypsin, admixed, and cultured in petri dishes
for 4 hours to allow the cells to adhere and spread. Mixtures
of differentially labeled cells examined at this time revealed
no evidence of admixing of the dyes. To facilitate fusion,
50% PEG (USB Corp, Cleveland, OH) was added for 1
minute, and the cells were washed three times with Dulbec-
co’s modified Eagle’s medium. Cells were then released with
trypsin and analyzed by fluorescence activated cell sorting
(FACS) (FACSDiVa Cell Sorter, BD Biosciences San Jose,
CA).* Cells with a relatively large postfusion size were
gated using forward scatter (FSC) A versus side scatter (SSC)
A plot. After eliminating doublets on FSC-A vs FSC-W
plots, fused cells emitting both carboxyfluorescein diacetate
succinimidyl ester and SNARF-1 were single cell sorted by
FACS and placed into individual wells. Nonfused cells,
defined as PEG-treated cells emitting fluorescence of either
CFSE or SNARF-1 with the size of individual IEC-6 cells,
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were also sorted and placed in individual wells. The presence
of both dyes within fused cells and one dye in nonfused cells
was confirmed by fluorescence microscopy (DMI 6000B;
Leica, Buffalo Grove, IL). In some experiments, IEC-6 cells
cultured as described above but not treated with PEG were
used as controls.

Chromosomal Labeling and Fusion of Hela Cells

To trace the fate of chromosomal DNA after fusion of cells,
biosynthetically labeled HeLa cells were used in lieu of
IEC-6 cells, which are irreversibly damaged by labeling.
HeLa cells were synchronized at S phase by treatment with
5 mmol/L thymidine (Sigma-Aldrich, St Louis, MO) for 15
hours and then biosynthetically labeled with 0.05 mmol/L
Cy3- or Cy5-dUTP (GE/Amersham, Piscataway, NJ) by
exposure to approximately 200-um glass beads (Sigma-
Aldrich) and scraping.” Labeled cells were co-cultured and
fused with PEG and fusion ascertained by fluorescence
microscopy (ApoTome; Zeiss, Oberkochen, Germany).

Live Cell Imaging

After fusion with PEG, labeled HeLa cells were transferred
to the WeatherStation environmental chamber (37°C, 5%
carbon dioxide) of the DeltaVision RT Image Restoration
Microscopy System (Applied Precision, Issaquah, WA).
Time-lapse images were acquired every 10 minutes using
SoftWoRx software version 3.5.1 (Applied Precision).

Karyotype Analysis

Cells were pretreated with 0.1 pg/mL of demecolcine (Sigma-
Aldrich) for 2 hours and then trypsinized and suspended in
0.56% (w/v) potassium chloride for 15 minutes. The cells were
fixed in methanol and acetic acid (3:1), stained with DAPI, to
approximate G-band pattern.”® Images were acquired with a
fluorescence microscope (DMI 6000B; Leica).

Analysis of Cell Transformation

Cell transformation was evaluated by assays for loss of
contact inhibition (focus formation) and acquisition of
ability to proliferate unattached to a surface (colony for-
mation in soft agar). The analysis of focus formation assay
was performed using cells cultured for 2 weeks after
confluence. Soft agar assay was performed by suspending
1 x 10* cells in 0.5% agar per well in 6-well plates and
culturing for 3 weeks. Foci and colonies were photographed
through an inverted microscope (DM IL; Leica) and a digital
camera (QICAM; QImaging, Surrey, BC).

Immunofluorescence Analysis

To evaluate DNA damage and the cellular response it can
provoke, we assayed and localized phosphohistone H2A.X

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Cell Fusion and Oncogenesis

(v-H2AX), which marks double-strand DNA breaks, tumor
protein p53, and caspase 3 by indirect immunofluorescence.
Cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline for 15 minutes, permeabilized with 0.1%
Triton X-100 for 5 minutes, blocked in 2% bovine serum
albumin, and incubated with mouse monoclonal anti—y-
H2AX (JBW301; Millipore, Billerica, MA) or anti-p53
(PAb 240; BD Biosciences) or with rabbit anti-cleaved
caspase 3 (ab52181; Abcam, Cambridge, MA). Binding was
detected using Alexa-488 or -594 conjugated goat anti-
mouse IgG (Invitrogen). Images were acquired using a
fluorescence microscope (DMI 6000B; Leica). Controls
were prepared as described except primary antibodies were
omitted.

Single-Cell Gel Electrophoresis (Comet Assay)

DNA damage was assayed in part by neutral comet assay that
detects migration of DNA fragments in an electrical field.
When DNA damage has occurred, the fragments resemble
the tail of a comet. The neutral comet assay was performed
according to the manufacturer’s instructions (Trevigen,
Gaithersburg, MD). Cells suspended in LM Agarose at 37°C
were loaded onto CometSlides. After solidification at 4°C in
the dark, cells were treated with cold lysis buffer for 1 hour
and then with cold neutral electrophoresis buffer for 30 mi-
nutes. Electrophoresis was performed at 21 V for 45 minutes
at 4°C. Nuclei and broken DNA fragments were visualized
using SYBR Green by fluorescence microscopy (DMI
6000B; Leica). Images were analyzed with the ImagelJ soft-
ware version 1.44p (NIH, Bethesda, MD).

Analysis of Tumor Formation

Female immunodeficient mice  (NOD.Cg-Prkdc*™
112rg"58/TicTac, NOG; Taconic, Hudson, NY)’" were
injected subcutaneously with 2 x 10° cells suspended in
67% serum-depleted Matrigel (BD Biosciences). Tumor
dimensions were measured weekly with calipers and vol-
umes estimated by the modified ellipsoidal formula®®:
tumor volume = length x width? /2.

Mice were sacrificed at 12 weeks or when tumor volume
approached 1 cm.’

Histologic Analysis

Pieces of tumor were fixed in buffered formalin and
embedded in paraffin. Sections prepared and stained with
hematoxylin and eosin.

Results

Generation and Cloning of Fused and Nonfused Cells

To explore cell fusion and oncogenesis, we used a line of rat
intestinal epithelial cells (IEC-6) that exhibits the phenotype
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and functions of normal intestinal epithelium.”® The cells
retain the appearance and behavior of primary explants of
crypt epithelial cells, including a stable diploid karyotype
(42 chromosomes), anchorage-dependent growth, and arrest
of growth at confluence during repeated passages for 6
months, and do not initiate tumors in syngeneic animals.

IEC-6 cells were labeled with CFSE or SNARF-1 and
fused by brief exposure to 50% PEG (Figure 1A). After
treatment with PEG and washing, the cells were analyzed
by FACS. Cells emitting fluorescence both of CFSE
(green) and SNARF-1 (red) were single cell sorted by
FACS and placed into individual wells. Dual labeling was
verified by fluorescence microscopy (Figure 1, B and C).
In control preparations, differentially labeled cells in
confluent cultures remained distinct, and repeated har-
vesting and replating in the absence of PEG generated no
appreciable admixture of dyes.

We explored the proliferative potential of cells that had
undergone fusion. Repeated examination of fused cells by
fluorescence microscopy revealed that 62% of 92 fused IEC-
6 cells completed one cell division within 24 hours and 9%
completed two cell divisions within 48 hours (Figure 1D).
These results are consistent with observations that although
many tetraploid cells often do not proliferate, owing to failed
chromosomal pairing in mitosis,””*” a fraction of tetraploid
mammalian cells can nonetheless complete mitosis.”'**

Ability of Fused Cells to Establish Clones

Nineteen percent (248 of 1305) of fused IEC-6 cells sorted
as single cells by FACS into conditioned medium estab-
lished clones, hereafter termed fusion-derived clones.
PEG-treated IEC-6 cells emitting fluorescence of one flu-
orophore with normal size (ie, smaller than fused cells) were
single cell sorted and cloned. These clones are hereafter
termed nonfused clones. The nonfused clones may have been
originated by fusion of cells carrying the same fluorophore
and were excluded based on the fluorescence intensity and
size (fused cells emit more fluorescence and are larger).

Expression and Localization of Tumor Suppressor p53
after Cell Fusion

Because p53 controls the fate of tetraploid and aneuploid
cells™***** and regulates cell cycling in IEC-6 cells,””* we
examined expression and localization of this protein in
fusion-derived and nonfused clones at low and high density.
Fusion-derived and nonfused clones had detectable p53
protein localized to the nucleus at low cell density and to the
cytoplasm at high cell density, typical of normal cells

(Figure 1E).

Cell Fusion and Aneuploidy

To determine how fusion-derived cells inherit chromosomes
from parental cells, we biosynthetically labeled parental
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chromosomes with either Cy3- or Cy5-dUTP, fused the
labeled cells, and monitored nuclear fluorescence for up to
72 hours. These experiments were performed using HelLa
cells in lieu of IEC-6 cells because few IEC-6 cells survive
labeling in this way. Fusion of differentially labeled HeLa
cells generated cells that contained two distinct nuclei, the
DNA of which remained entirely separate until mitosis
had begun and the nuclear envelope was disassembled
(Figure 2, A and B). Mitosis of the fused cells generated
synkaryons, that is, mononuclear cells with chromosomal
DNA from both fusion partners. Mitosis of fused cells was
sometimes asymmetric, the daughter cells receiving unbal-
anced division of parental chromosomes, possibly owing to
multipolar cell division (Figure 2A).

To determine whether admixture of chromosomal DNA
and formation of synkaryons requires mitosis or might
instead reflect fusion of nuclei, we tested whether genistein,
which arrests cell cycle progression at G2/M,*® would
impede synkaryon formation. Fused cells treated with gen-
istein maintained intact nuclei and did not form synkaryons
(Figure 2C). The experiments also indicated that the pro-
liferative potential of fusion-derived cells depended on the
number of nuclei. Synkaryons could proliferate and initiate
clones; however, fusion-derived cells with more than two
nuclei rarely underwent mitosis, and the nuclear contents
remained separate (Figure 2D).

We next asked whether cell fusion engenders aneuploidy
by analyzing karyotypes of newly established clones. Of 79
fusion-derived (IEC-6) clones studied, 32 (41%) were aneu-
ploid, 44 (56%) near diploid (modal chromosome numbers
40 to 44), and 3 (4%) tetraploid (modal chromosome number
84) (Figure 3A). In contrast, nonfused clones were predom-
inantly diploid [62 (86%) of 72 clones], with only eight
(11%) being aneuploid and one tetraploid and one hypodip-
loid (Figure 3A). Fusion-derived clones also exhibited a
greater difference between the maximum and the minimum
numbers of chromosomes than nonfused clones (P < 0.0001,
t-test) (Figure 3A). Fusion-derived clones with a modal
chromosome number of 42 (2N) had, on average, a range of
30 chromosomes, indicating the presence of frequent aneu-
ploid cells in each clone (Figure 3A). Nonfused clones with
modal 2N = 42 had on average a range of 9.9 chromosomes
(P < 107'° rtest). Gross chromosomal translocations,
however, were not observed in the newly established clones
derived from fused or nonfused cells (data not shown).

We next determined whether chromosome number
remained stable over time. Nonfused clones generally
exhibited a normal karyotype at early (passages 1 to 3) and
later (passages 10 to 11) passages (Figure 3B), like unma-
nipulated IEC-6 cells. Fusion-derived clones that were near
diploid at early passage generally remained so during 10 to
11 passages (Figure 3B). In contrast, the number of chro-
mosomes in fusion-derived clones near triploid or tetraploid
at early passage usually decreased with repeated passage,
with 6 of 15 becoming near diploid (Figure 3B), 9 of 15
having >2N chromosomes but fewer than the number at
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Figure 1 Identification, isolation, and cloning of fused cells. Rat
intestinal epithelial cells (IEC-6 cells) were labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE) (green) or carboxylic acid acetate suc-
cinimidyl ester (SNARF-1) (red) and fused using 50% polyethylene glycol
(PEG). Fused and nonfused cells identified based on size, nuclear contents,
and fluorescence were isolated and single-cell sorted by fluorescence acti-
vated cell sorting (FACS). A: Schematic illustrating isolation of fused cells. B:
Identification and sorting by FACS of fused and nonfused cells. Cells with a
relatively large postfusion size were gated using forward scatter (FSC)-A
versus side scatter (SSC)-A plots (left panel). After eliminating doublets on
FSC-A versus FSC-W plots (not shown), fused cells emitting both CFSE and
SNARF-1 were single-cell sorted by FACS and placed into individual wells
(right panel). C: Typical image of fused cell sorted by FACS and visualized by
fluorescence microscopy. The fused cell emits both CFSE and SNARF-1 fluo-
rescence; the image represents at least 50 cells examined per experiment. D:
Mitosis of fused cells. Images are of a fused cell undergoing initial two cell
divisions are representative of 20 cells per experiment. Green, CFSE; red,
SNARF-1; blue, DAPL. E: Localization of p53 protein in clones of nonfused
and fusion-derived IEC-6 cells. Early passage cells from nonfused clones and
fusion-derived clones were stained with monoclonal antibodies specific for
p53. Representative images of p53 staining at low cell density (left panel) or
high cell density (right panel). Scale bars: 5 um (C and D); 10 um (E).

early passage (Figure 3B). These results indicate that cell
fusion generates karyotypic instability, with the changes
sometimes resolving toward near diploidy but often per-
sisting. Whether reversion of the karyotype toward diploidy
reflects selection or ongoing plasticity is not clear.
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Figure 2  Admixture of chromosomes and formation of synkaryons require mitosis. Hela cells were biosynthetically labeled with either Cy3-dUTP or
Cy5-dUTP delivered by transient disruption of cell membranes during exposure to glass beads. Samples of differentially labeled cells were mixed and fused
with polyethylene glycol (PEG). A: Time-lapse images show changes in nuclear morphology typically observed after fusion of cells. The two nuclei did not
fuse during interphase, but during prometaphase the nuclear envelopes fragmented simultaneously (13:50) and only then did the nuclear contents
intermix (14:00). The mixed chromosomes were then segregated into three daughter cells. The images are representative of observations of 20 fusion
events in two independent experiments. B: Representative images of metaphase chromosome spread of fusion-derived cells: the merged image of Cy3 and
Cy5 florescence (right panel) and the DAPI chromosome counterstain (left panel). Images are representative of 50 cells studied in two independent
experiments. C: Impact of cell cycle arrest on admixture of chromosomes after cell fusion. Hela cells were labeled and fused as described and then
cultured for 2 days with 60 umol/L genistein to arrest cell cycle progression at G2/M. Nuclear fusion and/or admixing of chromosomal DNA is not observed
in cell cycle—arrested fusion cells in 50 fusion events studied in two independent experiments: the merge of Cy3 and Cy5 florescence imaging (right
panel) and bright field of the same fused cell (left panel). D: Impact of the number of cell fusion events on the fate of fused cells. HelLa cells were labeled
with Cy3-dUTP or Cy5-dUTP, fused with PEG as described, and studied by fluorescence and bright field microscopy at various times thereafter. The top
panel shows two synkaryons (or daughter cells of one synkaryon) that contain nuclear dyes at 24 hours; at 72 hours the cells have proliferated, and the
eight daughter cells contain both dyes. The bottom panel shows a multinucleated giant cell formed by fusion of differentially labeled parental cells. At 24
hours, the giant cell has multiple nuclei; some are distinctly labeled, some are unlabeled, but none of the nuclei contain both labels, indicating the
nuclear envelopes are intact. At 72 hours this (or a similar) cell contains multiple nuclei; some are labeled, and some are unlabeled and exhibit no
admixture of the labels. Red, Cy3-dUTP; green, Cy5-dUTP. The images, and particularly lack of admixture of labels, are typical of observations of 60 fusion
events studied in three independent experiments.

Cell Fusion and DNA Double-Strand Breaks

Chromosome missegregation could underlie the transition
from near tetraploidy to aneuploidy after cell fusion.""***"*

Consistent with this possibility, chromosomes in fusion-
derived cells did not always segregate evenly into daughter
cells. Figure 3C shows an example of unequal segregation
during the second division of a fused cell: one daughter cell
inherited most of the chromosomes, forming a much larger
nucleus, whereas the other inherited only a few loosely
packed chromosomes.

The volume of mammalian cells is thought to be pro-
portional to ploidy.”” To test whether that relationship might
apply with dynamic change in chromosome numbers, we
examined the size of cells in clone 75, which had 36 to 126
chromosomes (mode 75) at passage 1 and a near-diploid
number at passage 10 (Figure 3B). Consistent with the
concept, clone 75 exhibited at least three distinct cell sizes
and shapes at early passage but a predominantly small size
at late passage (Figure 3D).

The American Journal of Pathology m ajp.amjpathol.org
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Aneuploidy and rearrangements  are
commonly seen in cancer.”” The newly established fusion-
derived clones often exhibited aneuploidy, as indicated
above, but not gross chromosomal rearrangements. How-
ever, at passage 11 of clone 15, Robertsonian translocations,
fusion of the long arms of two acrocentric chromosomes,
were observed in 9 (11%) of 83 of cells (Figure 4A) and
chromosomal breaks (red arrows) and translocation were
observed in 2 cells (2%).

Aneuploidy in tumors is often associated with DNA
damage,*®”" which could presage rearrangement. To test
whether fusion-derived clones sustained DNA damage, we
determined the frequency and extent of double-strand DNA
breaks in fusion-derived clones with modal chromosome
numbers of 42, 44, and 75 at early passage. Phosphorylated
(Ser 139) y-H2AX, which clusters at the sites of double-strand
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DNA breaks, was localized using monoclonal antibodies.’”
Multiple clusters of y-H2AX were detected in the nuclei of
35% to 42% of cells from fusion-derived clones, whereas
only 4% to 9% of cells of nonfused clones had such
clusters (P < 0.0001, one-way analysis of variance)
(Figure 4, B and C). This finding was confirmed by neutral
comet assays, which detect migration of DNA fragments in
an electrical field (Figure 4D).”> On average, 48% of
fusion-derived cells exhibited a prominent COMET tail
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in fusion-derived clones. At passage 2 (P2), cells
from fusion-derived clone 75 exhibit three distinct
sizes and morphologies; large cells on the left
appear separated, smaller cells in the middle are
closely clustered, and cells of intermediate size
and spindle shape are on the right. At passage 9
(P9), the cells exhibit uniform size and appear-
ance. Scale bars: 5 um (C); 100 um (D). Original
magnification: x866 (C, boxed area); x72 (D).

(>2-tail unit), representing migration beyond the nucleus, as
against only 5% of nonfused cells. The comet tails were more
frequent in fusion-derived clones, and the comet tail lengths
were on average 2.3-fold longer than the lengths measured in
nonfused clones (P < 0.0001, one-way analysis of variance)
(Figure 4, D and E).

DNA damage exceeding the capacity for repair causes
apoptosis. To determine whether the DNA damage revealed
by y-H2AX and comet assays reflected apoptosis, we
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Figure 4  Association of chromosome rearrangement and DNA damage in fusion-derived cells. A: Representative image of chromosomal aberrations. The
metaphase chromosome spread was prepared from fusion-derived clone (Fc) 15 at passage 11. The arrowhead points to fusion between the long arms of two
acrocentric chromosomes (ie, Robertsonian translocation); arrows denote chromosome breaks. Robertsonian translocations were observed in 9 (11%) of 83
cells and chromosomal breaks and translocation in 2 cells (2%). B: DNA damage detected by localization of phosphohistone H2A.X (y-H2AX) in nonfusion
clones (NFcs) and Fcs. Cells at early passage were fixed and stained with antibodies specific for y-H2AX and studied by immunofluorescence microscopy. Nuclei
were counterstained with DAPI. C: Frequency of DNA damage. DNA damage was detected by nuclear staining for y-H2AX in NFcs andFcs. The bars indicate
means =+ SD of the percentage of y-H2AX—positive cells in nine images from three independent experiments, analyzing 156 to 360 cells in total for each clone.
The number in parentheses is the modal chromosome number. D: DNA double-strand breaks detected by neutral comet assay. Cells from NFcs and Fcs were
embedded in agarose, lyzed, subjected to single-cell electrophoresis, and stained with CYBR gold. Representative images are shown. E: DNA damage detected
by comet assay. NFcs and Fcs were compared using comet assay. Comet tail length is expressed as units relative to tail length/mean radius of intact nuclei in
nonfused cells. Fifty randomly selected cells of NFcs or Fcs were analyzed in two independent experiments. F: Relationship between binding of y-H2AX and
presence of cleaved caspase 3 (casp3) in fusion-derived cells. Cells of Fc32 were fixed and stained with antibodies specific for y-H2AX and with antibodies
specific for cleaved casp3. Three hundred y-H2AX—positive cells were examined for cleaved casp3 staining in three independent experiments. The results
indicate that few cells with bound y-H2AX are undergoing apoptosis. G: Appearance of cells positive for y-H2AX and cleaved casp3. The photomicrograph
shows a cell typical of those positive for cleaved casp3 and diffuse yy-H2AX (arrows). Condensed chromatin probably reflects apoptosis (insets: reduced
exposure of y-H2AX and DAPI staining). Cells exhibiting speckled staining for y-H2A, no detectable cleaved caspase 3, and fine chromatin are far more
common. ****P < 0.0001, one-way analysis of variance, indicating a significant difference between NFcs and Fcs.

assayed caspase 3 activation. Only 3% of y-H2AX—positive Cell Fusion and Transformation

cells in fused cell clones contained activated caspase 3, and

these had condensed chromatin and more intense and diffuse Chromosomal instability is clearly associated with cell
staining for y-H2AX (Figure 4, F and G). Thus, the DNA transformation and oncogenesis™*”; however, whether cell
damage detected in fusion-derived cells did not reflect fusion incites, marks, or even suppresses transformation is
apoptosis. unclear.”"”” Because unmanipulated IEC-6 cells are
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nontransformed and have a stable karyotype, whereas fused
IEC-6 cells exhibit chromosomal instability, we asked
whether fusion also induces transformation.

Twelve (32%) of 38 fusion-derived clones, after 12 pas-
sages at low cell density, lost cell contact inhibition, assayed
by focus formation, forming discrete foci of stacked cells
(Figure 5). Similarly, 11 (29%) of 38 exhibited anchorage-
independent growth, assayed by colony formation in soft
agar. In contrast, only 2 (3%) of 60 nonfused clones formed
foci (P < 0.001, 7 test), and only 1 exhibited anchorage-
independent growth (Figure 5). However, transformation
was not apparently caused by aneuploidy because clones with
high modal chromosome numbers at early passage were no
more likely to be transformed than clones with near diploidy
(P = 0.142, X2 test). Thus, after cell fusion, aneuploidy and
transformation are independent events, at least in this system.

Although p53 protein was detected early after cell fusion
(Figure 1E), censoring of DNA damage and/or chromosomal
instability might have been compromised by mutation of
TP53. To address that possibility, as much as possible, we
compared the region of rat 7p53 homologous to human exons
5 to 8 in which mutations are usually found in tumors.”® The
sequences from the nine colonies were identical with wild
type, making it highly improbable that variants caused
transformation in these cells. Consistent with this conclusion
and with the images in Figure 1E, the levels of p53 protein in
transformed fusion-derived cells were equivalent to those in
nonfused IEC-6 cells (data not shown).

Cell Fusion and Tumor Formation

We next asked whether cell fusion promotes tumor forma-
tion. Two million cells from a pool of fused, but not cloned,
IEC-6 cells were injected in the flanks of immunodeficient
(NOD.Cg-Prkdc*““112rg"S"¢/JicTac) mice,”” and the mice
were monitored for 12 weeks for formation of tumors. Of 18
such injections, 11 (61%) generated tumors (Figure 6A). In
contrast, neither 2 Xx 10° unmodified IEC-6 cells nor
2 x 10° cells from each of three nonfused clones formed
tumors [P < 0.001, % (1, N = 36) = 15.84] (Figure 6A).
Thus, cell fusion is associated with oncogenesis.

We next asked whether the capacity of fused cell clones to
form tumors preceded or followed introduction of the cells
into immunodeficient hosts. Nine fusion-derived clones that
had undergone transformation generated tumors within 12
weeks, six at every injection site (Figure 6, A and B). In
contrast, two fusion-derived clones that were demonstrably
not transformed failed to generate tumors at any site
[P < 0.001, %> (1, N = 60) = 25.91] (Figure 6A). The tu-
mors did not appear to result from cytogenetic changes
arising during culture or after injection (including fusion with
murine cells) because the karyotypes of tumor cells were the
same as those of the fusion-derived clones used. Figure 6C
provides one example in which tumor cells exhibited the
same aberrations in chromosome number and structure as the
fusion-derived clone from which the tumor originated. These
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Figure 5  Cell fusion and transformation. A: Comparison of nonfused cells
and fusion-derived cells in focus formation and soft agar colony formation
assays for cell transformation. In focus formation assays performed at pas-
sage day 12, 14 days after confluence, cells from most fusion-derived clones
usually form foci (arrowheads); cells from nonfused clones do not. In colony
formation assays performed 3 weeks after seeding in soft agar, cells from
fused cell clones form colonies (representing subclones), cells from nonfused
clones do not. B: Frequency of focus formation and soft agar colony for-
mation of nonfused clones and fusion-derived clones. Percentage of 60
nonfused clones and 38 fusion-derived clones exhibiting focus formation or
formation of colonies (>100 um) in soft agar (left panel). Numbers of
colonies (>100 pm) in soft agar after inoculating 10* cells per clone (right
panel). ***P < 0.001, %? test, indicating the difference between nonfused
clones and fusion-derived clones. Scale bar = 100 pm (A).

results indicate that cell fusion leading to transformation
generates a high probability of tumor formation, whereas cell
fusion not leading to transformation does not. The results also
suggest that ongoing chromosomal instability is neither
common nor essential for tumor formation once trans-
formation has occurred.

We next evaluated the relative frequency of oncogenesis
in fusion-derived cells. Aliquots of 200 cells generated tu-
mors in approximately 50% and aliquots of 2 x 10* cells in
100% of injection sites within 12 weeks (Figure 6D). This
frequency of tumor formation suggests that cell fusion
generates populations of cells in which approximately 1 of
200 can have the capacity to form tumors.

The aggressiveness of tumors and capacity to metastasize
appear to evolve over time.””’ ®’ Such evolution might
reflect i) ongoing chromosomal genomic instability and
phenotypic plasticity; ii) subsequent catastrophic events,
such as homotypic or heterotypic fusion; or iii) ongoing
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Figure 6  Cell fusion and tumor formation. A: Frequency of tumor formation after injection of 2 x 10° cells from fused or nonfused clones in immuno-

deficient mice. Unmanipulated IEC-6 cells, nonfused clones, a pool of fused cells, and fusion-derived clones that did or did not form colonies in soft agar were
inoculated subcutaneously into flanks and axillae of immunodeficient (NOD.Cg-PrkchddIIngt'"lSug/JicTac) mice, and the frequency of tumors, identified by
palpation and confirmed by histology, within 12 weeks was noted. Each dot represents at least four injection sites and indicates the percentage of injection
sites at which tumors developed. Results for nonfused cells and clones are shown in blue. Results for fused cells and clones are shown in red. Results represent
two independent experiments. B: Tumor (arrow) 7 weeks after injection of 2 x 10° cells from fusion clone 15. No tumor formed in the opposite flank injected
with of 2 x 10° nonfused clone 28 cells (arrowhead). C: Cytogenetic analysis of cells isolated from the tumor shown in B. The number indicates chromosome
counts. The arrow denotes a Robertsonian translocation. Chromosomes from 20 cells at metaphase were analyzed. D: Frequency of tumor formation as a
function of number of cells injected. Bars represent the percentage of injection sites at which tumors formed within 12 weeks after injection of various
numbers of cells from fusion clone 15. At least four sites were injected for each number of cells tested. E: Rate of growth of tumors formed from various clones
of fused and nonfused cells. Labeled IEC-6 cells were treated with polyethylene glycol, and fused and nonfused cells were isolated and cloned by fluorescence
activated cell sorting. Samples of each clone (2 x 10° cells) were injected into each of at least four sites, and the size of the ensuing tumors was measured
weekly. Tumor volumes were estimated as 1/2 (length x width?) and depicted as means & SD. F: Histology and invasiveness of tumors originated by cell
fusion. Tumors formed after implantation of fusion-derived clones 15 (Fc 15), 20 (Fc 20), and 82 (Fc 82) were sectioned and stained with hematoxylin and
eosin. Upper panels show red blood cells in each tumor and moderate focal glandular differentiation in the tumor formed by Fc 82. Arrowheads indicate
mitotic cells. Lower panels show invasiveness of tumors. Note a clear border (arrow) between muscle fibers in tumor derived from Fc 15: invasiveness of Fc 20
and Fc 82 tumor cells into muscle layers. MS, muscle fibers; TM, tumor cells.

As one test, we examined the growth rates and histology
of tumors formed by cells harvested from soft agar colonies

selection from a diverse population of cells established
during oncogenesis. To determine whether one or several of

these mechanisms operate in the system used, we asked
whether the biological properties of tumors become more
diverse, reflecting the first two mechanisms, or less diverse,
reflecting the third, over time.

The American Journal of Pathology m ajp.amjpathol.org

(subclones) of three fusion-derived clones. Tumors arising
from the same subclone exhibited similar rates of growth
(n = 6 for each subclone) and histology (n = 6 for each
subclone), whereas tumors arising from different subclones
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exhibited distinct rates of growth and histology (Figure 6, E
and F). For example, 2 x 10° cells expanded from a soft
agar colony of fusion-derived clone 15 generated rapidly
growing tumors at all injected sites, whereas 2 x 10° cells
from clones 20 and 82 formed slowly growing tumors.
Samples from fusion clone 15 generated high-grade undif-
ferentiated tumors, consisting of cells with large nuclei and
little stroma and exhibiting little or no local invasiveness (a
clear border between tumor cells and muscle fibers) at each
of eight injection sites (Figure 6F). Fusion clone 20 formed
tumors that grew more slowly than tumors that originated
from clone 15 and exhibited a high degree of invasiveness
(Figure 6F). Clone 20 generated poorly differentiated tu-
mors that contained cells with large nuclei surrounded by a
large amount of stroma. Fusion clone 82 generated tumors
that also grew more slowly than tumors from clone 15 and
exhibited moderate focal glandular differentiation, consis-
tent with low-grade adenocarcinomas but a high degree of
invasiveness (Figure 6F). Mitotic figures and angiogenesis,
small capillaries invading the tumor, were observed in all
tumors (Figure 6F). The distinct and stable properties of
tumors generated by different clones (established at the time
of fusion) suggested these properties were established by
events taking place at fusion or during early passages, rather
than by ongoing diversification and evolution.

Discussion

Aberrant fusion of normal cells offers an appealing mechanism
for catastrophic change in the genome and hence for onco-
genesis. By causing tetraploidy, and possibly allowing
endoreplication or failure of cytokinesis, cell fusion might
initiate chromosomal instability and oncogenesis.”' "%
However, cell fusion, by itself, has never been found to orig-
inate cancer.'"*° We report that normal diploid cells, delib-
erately fused, can undergo cellular and chromosomal changes
typical of cancer and can exhibit transformation and the ca-
pacity to form tumors. We trace these changes to diverse clonal
populations established in proximity to the fusion event.

The fusion of normal cells during development eventuates
in marked changes in morphology, biochemistry, and biology
of the progeny.'>® Fusion of cells in injured, inflamed, and/
or infected tissues occurs often and is postulated to promote
repair and host defense.'”***> However, in development and
disease, tight cellular and molecular regulation and censoring
of progeny with aneuploidy, DNA damage, or replicative
stress is thought to avoid untoward consequences.”**%%°

The paucity of direct experimental evidence that cell fusion
per se can originate malignancy reflects in part the regulation
of fusion and censoring of defective progeny. However, even
the most tightly regulated systems fail, if only rarely, and
hence the question of whether cell fusion by itself can initiate
tumors remains. We addressed that question using an exper-
imental system that avoided some limitations mentioned
above. We used IEC-6 intestinal epithelial cells, which
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repeatedly have proven to be subject to the normal regulation
of genome integrity and cell replication, to maintain a stable
karyotype and to fail to form tumors over many generations.
We fused these cells using PEG, which is nonmutagenic®’
and inhibits transformation and oncogenesis of epithelial
cells.”>“® Although we cannot exclude the possibility that
IEC-6 cells harbor some defect that renders them uniquely
susceptible to transformation and oncogenesis caused by PEG
and/or cell fusion distinct from other normal cells, such a
defect has not been described previously. Therefore, our
finding that the fusion of these cells can induce transformation
and malignancy and that these changes occur abruptly on
fusion provides a step toward identifying controls of cell
replication and genetic integrity vulnerable in this common
event.

Once formed, tumors are thought to evolve via one of the
three pathways. In one pathway, ongoing chromosomal and
genomic instability generates phenotypic plasticity and the
most adaptable and/or prolific of which expand, thus modi-
fying the repertoire of tumor cells over time."”* ®’ Another
pathway of tumor evolution involves repeated episodes of
manifold genetic change generating bursts of heterogeneity
from which the best-adapted cells are selected.”” A third
pathway involves ongoing selection of malignant cells from a
diverse population generated by a catastrophic event, such as
cell fusion.”*” The stability or reversion toward diploidy of
clonal karyotypes in the system we explored and the findings
that rate of growth and histopathology were established
within the first passages after cell fusion are most consistent
with the third mechanism: ongoing selection from a diverse
population established by a catastrophic event, such as cell
fusion. These findings are consistent with genomic analyses
of human colorectal cancers, suggesting a genomic crisis
followed by a relative stability of tumor genome.’

The temporal sequence of events linking cell fusion with
the karyotypic changes and oncogenesis is still uncertain.
The double-strand DNA damage we detected might suggest
chromothripsis, the abrupt fragmentation or shattering and
rejoining in one or more chromosomes, as a driving mecha-
nism.”%”’° However, some fused cell clones exhibited
normal karyotypes, and approximately half of the cells in
clones with abnormal karyotypes had no detectable DNA
damage. Tetraploid binuclear cells may become tetraploid
mononuclear cells through nuclear fusion or synchronous
mitosis. We observed only synchronous mitosis followed by
cytokinesis and did not observe nuclear fusion (or exchange
of chromosomal DNA between nuclei). Because the mono-
nuclear hybrid cells are usually indistinguishable micro-
scopically from normal diploid cells, the frequency of cell
fusion in cancer and other conditions may be underestimated.
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