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Fig. 6. Human CTCs. (A) Sex-mismatched bone marrow–transplanted (BMT) patient who acquired a solid tumor (PDAC). Peripheral blood was analyzed for the presence 
of cell fusion. Two panels displaying cell fusion hybrids (arrowheads) that costain for EPCAM (yellow) and CD45 (green) and have a Y chromosome (white dot) in their 
nuclei (blue). Arrows denote leukocytes. (B) CHCs and CTCs analyzed from n = 4 patients with PDAC. CHCs (CK+/CD45+) also express MФ proteins (cocktail: CD68, CD163, 
CD66b, and CSF1R), while CTCs (CK+/CD45−ve) do not. CHCs also express the tumor-specific protein MUC4. (C) CHCs and CTCs analyzed by flow cytometry for CD14, CD16, 
CD11c, and CD163 expression or the cancer-specific protein MUC4 (n = 4 patients). (D) Human pancreatic cancer patient peripheral blood analyzed for cytokeratin+ (red) 
and CD45+ (green) expression using in situ analyses and digital scanning. (E) CK+/CD45+ and CK+/CD45− cells quantified in patient blood across cancer stages [analysis of 
variance (ANOVA), *P < 0.023]. (F and G) Kaplan-Meier curve of dichotomized biomarkers based on median value (CHC and CTC) was associated with statistically significant 
increased risk of death for CHCs (P = 0.0029) but not for CTCs (P = 0.95).
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Identification of functionally significant properties of this unique 
tumor population, a chimera of MФs and neoplastic cells, offers 
opportunities for understanding the dynamic interaction between 
neoplastic cells and diverse infiltrating immune cell populations. 
Elevated CHCs relative to CTCs in peripheral blood might suggest 
that hybrids are immune privileged—a trait bestowed by their leu-
kocyte identity. This scenario could have implications on immune- 
mediated therapeutic strategies for cancer treatment. Therefore, 
understanding how hybrids respond to immune therapies, such as 
inhibitors or agonists to costimulatory and/or coinhibitory receptors, 
offers an important area of future investigation. Acquisition of func-
tional myelomonocytic receptors on hybrids indicates that they may 
be vulnerable to targeted therapies such as CSF1/CSF1R blockade, 
now being investigated in clinical trials (51). Alternatively, these 
therapies may inhibit MФ–neoplastic cell fusion. The presence of 
tumor cells with acquired MФ phenotypes supports a cell fusion 
mechanism in the propagation of intratumoral heterogeneity, in-
troduces a functionally significant aspect of tumor progression and 
evolution, identifies an unappreciated CHC population, and uncovers 
a new area of tumor cell biology.

METHODS
Human samples and ethics statement
All human blood and tissue samples were collected and analyzed with 
approved protocols in accordance with the ethical requirements 
and regulations of the Oregon Health & Science University (OHSU) 
institutional review board. Informed consent was obtained from all 
subjects. Peripheral blood was obtained from cancer patients diag-
nosed with PDAC at various stages and treated at OHSU, as well as 
from healthy controls. Identification and acquisition of solid tumor 
or peripheral blood biopsies from female patients who previously 
received a gender-mismatched bone marrow transplantation was 
conducted by screening of the Center for International Bone Marrow 
Transplant Registry.

FISH and immunohistochemical analyses of human solid 
tumors and peripheral blood cells
Analyses of human solid tumors
The presence of cell fusion between Y chromosome–containing blood 
cells and host tumor epithelium was evaluated by dual FISH and 
immunohistochemical analyses. X and Y chromosome FISH probes 
were hybridized to 5-m formalin-fixed paraffin-embedded primary 
human tumor sections using CEP X (DXZ1 locus) and CEP Y (DYZ1 
locus) probes (Abbott Molecular) following the manufacturer’s pro-
tocols. Briefly, the tissue was treated with Retrievagen A solutions 
(BD Biosciences) and Tissue Digestion Kit II reagents (Kreatech) 
and then hybridized with a probe at 80°C for 5 min and 37°C for 
12 hours. Tissue sections were permeabilized with graded detergent 
washes at 24°C and then processed for immunohistochemical staining. 
Tissue was incubated with antibodies to pan-cytokeratin (Fitzgerald) 
and counterstained with Hoechst dye (1 g/ml). Two slides were 
analyzed for each tumor section. Slides were digitally scanned and 
quantified by two independent investigators. Areas with Y chromo-
some positivity were analyzed by confocal microscopy. H&E staining 
was conducted on adjacent sections.
In situ analyses of human peripheral blood analyses
Patient peripheral blood was collected in heparinized Vacutainer tubes 
(BD Biosciences), and then, lymphocytes and peripheral mononu-

clear cells were isolated using density centrifugation and LeucoSep 
Centrifuge Tubes (Greiner Bio-One) according to the manufacturer’s 
protocol. Cells were then prepared for antibody staining. Briefly, cells 
were adhered to poly-d-lysine–coated slides, fixed, and permeabilized 
before staining for CD45 and cytokeratin expression using antibodies 
to CD45 (eBioscience) and human pan-cytokeratin (Fitzgerald). 
Phenotypes of CHCs were evaluated with additional antibody stain-
ing, including to CD66b (BD Pharmingen), CD68 (Abcam), CD163 
(Neomarkers), CSF1R (Abcam), and EPCAM (1:200; US Biological). 
Tissue was developed with appropriate fluorescent- conjugated sec-
ondary antibodies [anti-mouse Cy3 (Jackson Immuno Research), goat 
anti-guinea pig 488 (Invitrogen), goat anti-guinea pig 555 (Invitrogen), 
anti-rabbit A647 (1:500; Thermo Fisher Scientific), and anti-mouse 
Cy5 (1:500; Jackson ImmunoResearch)] and then was stained with 
Hoechst (1 g/ml). Slides were digitally scanned with a Leica DM6000 
B microscope or a Zeiss AxioObserverZ1 microscope and analyzed 
using Ariol or Zeiss Zenblue software.

To determine whether circulating CD45+/CK+ or CD45+/EPCAM+ 
cells were cell fusion products, patient peripheral blood was subjected 
to FISH/immunohistochemical analyses as described for solid tis-
sues (see above). Processed peripheral blood was interrogated with 
Y chromosome FISH (DYZ1 locus) probes (Abbott Molecular) fol-
lowing the manufacturer’s protocols. Briefly, cells were hybridized 
with a probe at 42°C for 16 to 20 hours and then subjected to graded 
detergent washes. Cells were then subjected to antibody stain ing with 
anti-CD45 conjugated to fluorescein isothiocyanate (FITC) (1:100; 
BioLegend) and EPCAM (1:100, US Biological) and processed with 
anti-rabbit AF647 secondary antibodies (1:250; JacksonImmuno 
Research). Cells were imaged on a Zeiss AxioOberverZ1 micro-
scope. Images were postprocessed to rule out nonspecific staining. 
Briefly, CZI files were opened using ZEN 2.3 Lite (Blue Edition) and 
saved as single-channel TIF files [four channels per CZI: EPCAM 
(white), Y chromosome (red), CD45 (green), and 4′,6-diamidino- 
 2-phenylindole (DAPI; blue)]. Single-channel TIF files were loaded 
into MATLAB as UINT8 matrices containing RGB information at 
each pixel. To create binary images, pixel intensity thresholds were 
set for each channel image separately: Any pixel with a value above 
the threshold was turned ON (that is, maximum intensity), and the 
remaining pixels were turned OFF (that is, zero intensity). Two bi-
nary channel images were reassigned colors (EPCAM: white → yellow, 
Y chromosome: red → white); all binary channel images were then overlaid.
Quantification of CHCs in patient blood
Manual quantification by three independent investigators of randomly 
selected regions containing 2000 cells evaluated CD45 and cytokeratin 
status of Hoescht+ cells. Percentages of CHCs in the buffy coat cor-
relate with disease stage with significance determined by overall ANOVA 
post-test [P < 6.3 × 10−8; P values for no nodal-met (0.00035), nodal- 
met (0.05), and no nodal-nodal (0.15)], while none of the conven-
tional CTCs (that is, CD45−ve) comparisons across stage were statically 
significant [P values for no nodal-met (0.31) and nodal-met (0.9)]. 
Survival analysis was conducted on 18 of 20 pancreatic patients 
(2 patients were lost to follow-up, 9 patients have high levels, and 
9 patients have low levels) to correlate CHCs or CTCs with time to 
death using Kaplan-Meier curve and log-rank test using dichotomized 
biomarkers based on a median value. High CK+/CD45+ (median, 
>0.808) was associated with a statistically significant increased risk 
of death (log-rank test, P = 0.0029) with a hazard ratio of 8.31, but 
high CK+/CD45−ve (median, >0.101) did not have a statistically sig-
nificant effect on time to death (log-rank test, P = 0.95).
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Flow cytometric analyses of fusion hybrids in  
peripheral blood
For flow cytometric analysis, patient blood was collected, as described 
above. Red blood cell (RBC) lysis was performed by a 1-min incuba-
tion in 0.2% NaCl, followed by addition of the equivalent volume of 1.6% 
NaCl. Cells were washed and resuspended in FACS buffer [phosphate- 
buffered saline (PBS), 1.0 mM EDTA, and 5% fetal bovine serum 
(FBS)]. Cells were incubated in PBS containing LIVE/DEAD Fixable 
Aqua (1:500; Invitrogen) with Fc Receptor Binding Inhibitor (1:200; 
eBioscience). Cells were then incubated in FACS buffer for 30 min 
with CD45-APC (1:25; Thermo Fisher Scientific), CD11c-APCeF780 
(1:100; Thermo Fisher Scientific), CD14-BV785 (1:100; BioLegend), 
CD163-PECy7 (1:100; BioLegend), EPCAM-FITC (1:100; Abcam), or 
cytokeratin-PE (1:500; Abcam). A BD LSRFortessa cell analyzer was used 
for analyses. A gating scheme established with single-color controls is pro-
vided in fig. S10. Data reflect analyses from n = 3 patients with PDAC.

Mice
All mouse experiments were performed in accordance to the guide-
lines issued by the Animal Care and Use Committee at OHSU or 
the Fred Hutchinson Cancer Center, using approved protocols. Mice 
were housed in a specific pathogen–free environment under strictly 
controlled light cycle conditions, fed a standard Rodent Laboratory 
Chow (#5001 PMI Nutrition International), and provided with water 
ad libitum. The following strains were used in the described studies: 
C57BL/6J (JAX #000664), Gt(ROSA)26Sortm(EYFP)Cos/J (R26R-stop-YFP; 
JAX#006148) (21), Tg(act-EGFP)Y01Osb (Act-GFP; JAX #006567) 
(20), and B6.129P2-Lyz2tm1(cre)Lfo/J (LysM-Cre; JAX#004781) (52). 
Mice of both genders were randomized and analyzed at 8 to 10 weeks 
of age. When possible, controls were littermates housed in the same 
cage as experimental animals.

Cell culture
MC38 mouse intestinal epithelial cancer cells were provided by 
J. Schlom [National Cancer Institute (NCI)], and B16F10 mouse 
melanoma cells were obtained from the American Type Culture 
Collection. Validation of cell lines was confirmed by polymerase chain 
reaction and by functional metastasis assay for the latter. Cell lines, 
both derived from C57BL/6J mice, were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) + 10% serum (Life Technologies). 
Stable cancer cell lines, MC38 (H2B-RFP), MC38 (H2B-RFP/Cre, 
B16F10 (H2B-RFP), and B16F10 (H2B-RFP/Cre), were generated 
by retroviral transduction using pBABE-based retroviruses, and 
polyclonal populations were selected by antibiotic resistance and 
flow-sorted for bright fluorescence as appropriate. B16F10 (fl-dsRed- 
fl-eGFP) cells were generated by stably expressing a pMSCV-LoxP-
dsRed-LoxP-eGFP-PURO construct (Addgene #32702) into the 
parental B16F10 cells. Primary MФ derivation was conducted from 
the bone marrow of R26R-stop-YFP or Act-GFP mice. To elicit MФs, 
cells were cultured for 6 days in DMEM + 15% serum supplemented 
with sodium pyruvate, nonessential amino acids (Life Technologies), 
and CSF1 (25 ng/ml; PeproTech).

Cell fusion hybrid generating cocultures were established in MФ- 
derivation media without CSF1 for 4 days. MC38 or B16F10 cells 
and MФs were coseeded at a 1:2 ratio at low density. Hybrid cells 
were FACS-isolated for appropriate fusion markers on a Becton 
Dickinson InFlux or FACSVantage SE cell sorters (BD Biosciences). 
FACS plots are representative of at least 20 independent MC38 or 
B16F10 hybrid isolates (technical replicates). Low-passage hybrid 

isolates were established; functional experiments were conducted on 
passage 8 to 20 hybrid isolates. Live imaging of cocultured cells was 
performed using an IncuCyte ZOOM automated microscope system 
and associated software (Essen BioScience). Technical triplicates 
generated 36 movies that covered 77.4 mm2 and were screened for 
hybrid generation and division. Movie contains a fusion event; a total 
of 21 video clips were captured containing fusion events.

EdU-labeling and karyotype analysis
During hybrid generation
Cultured cells were fixed in 4% formaldehyde in PBS and processed 
for immunohistochemical analyses with antibodies against GFP (1:500; 
Life Technologies) or RFP (1:1000; Allele Biotechnology). EdU 
labeling and detection were performed according to the manufac-
turer’s directions (Life Technologies). Briefly, MФ DNA was labeled 
with 10 M EdU supplemented in media for 24 hours before hybrid 
generation coculture. EdU (10 M) was used for the determination 
of S-phase indices as well. Biologic and technical replicates (n = 6) 
were conducted and screened for biparental hybrids.
For karyotype analyses
Chromosome spreads from cells in S phase were prepared using 
standard protocols, from cells treated for >12 hours with Colcemid 
(100 ng/ml; Life Technologies) to induce mitotic arrest. DNA was 
visualized by staining with DAPI; X and Y chromosomes were iden-
tified using fluorescently labeled nucleotide probes (ID Labs) as 
directed by the manufacturer. Images of stained fixed cells and chro-
mosome spreads were acquired using a 40× 1.35 UApo oil objective 
on a DeltaVision-modified inverted microscope (IX70; Olympus) 
using SoftWorx software (Applied Precision) and represented max-
imum intensity projections of deconvolved z-stacks unless otherwise 
indicated. Experiments were replicated eight times. Each biologic 
replicate was analyzed in an independent experiment. A minimum 
of n = 20 cells were analyzed in each experiment. Chromosomes were 
counted manually by two independent investigators.

Gene expression analysis
Microarray analysis was performed with Mouse 430.2 gene chips 
(Affymetrix) at the OHSU Gene Profiling Shared Resource, and data 
were analyzed using GeneSifter software (Geospiza) to identify relative 
expression differences between cell types (replicates: MФ, n = 3; MC38, 
n = 3; hybrids, n = 5 independent isolates) and produce GO analyses. 
GO category enrichment was calculated using the GOstats R package 
(53) and visualized using functions from the GOplot R package (54).

Code availability
The source code used to generate figures and corresponding tables 
is available for download from our public repository (55).

Polymerase chain reaction
DNA was extracted from frozen formalin-fixed melanoma primary 
tumor and lymph node sections by 40 min of incubation in lysis 
buffer [25 mM NaOH and 0.2 mM EDTA (pH 12)] at 95°C, followed 
by neutralization with equal volumes of neutralization buffer [40 mM 
tris-HCl (pH 5)]. RFP primers were as follows: 5′-CAGTTCCAG-
TACGGCTCCAAG-3′ (forward) and 5′- CCTC GGG GTACAT CC G-
CTC-3′ (reverse). Actin primers were as follows: 5′-GA A G T AC C-
CCATTGAACATGGC-3′ (forward) and 5′- G ACAC CGTC CC- 
CAGAATCC-3′ (reverse). Reactions were run with a 60°C anneal-
ing temperature.
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Microenvironment arrays
Recombinant proteins (R&D Systems and Millipore) were diluted to 
desired concentrations in print buffer (ArrayIt), and pairwise com-
binations of ECM proteins and growth factors or cytokines were 
made in a 384-well plate. A Q-Array Mini microarray printer (Genetix) 
was used to draw from the 384-well plate and print protein combi-
nations onto Nunc 8-well chambered cell culture plates (Thermo 
Fisher Scientific). Each combination was printed in quintuplicate in 
each array, and arrays were dried at room temperature. Printed 
MEMAs were blocked for 5 min using 0.25% (w/v) F108 copolymer 
(Sigma- Aldrich) in PBS and then rinsed with PBS and media before 
plating cells. Cells were trypsinized, filtered to exclude cell clumps, 
and counted; 105 cells were plated on each array in 2 ml of DMEM + 
2.5% serum and incubated for 30 min in a humidified tissue culture 
incubator. Unbound cells were gently removed, and fresh media 
were added. After 12 hours, the arrays were fixed with 4% formalde-
hyde in PBS for 10 min and stained with DAPI. Adhesion was mea-
sured as relative cellular preference: the number of cells occupying 
a given microenvironment condition relative to the average cell 
number over all occupied microenvironmental spots across the en-
tire MEMA for each sample. Five replicate samples each for MC38 
cells and MФ and five independent MC38-derived hybrid isolates 
were analyzed. Standard two-tailed t tests were performed with P < 
0.05 reported as significant. Error bars represent SEM.

In vitro–derived hybrid proliferation
For phenotypic profiling growth responsiveness to cytokines and 
soluble factors, 95 different cytokines or soluble signaling molecules 
were distributed at high, medium, and low concentrations in 384-well 
plates, in 25 l of RPMI 1640 (Life Technologies) supplemented with 1% 
FBS, and 25 l of a suspension of hybrid or MC38 cells (1.2 × 104 cells/ml) 
in DMEM + 4% FBS was added to each well. Ninety-nine wells of 
each plate were left cytokine-free, and no cells were added to 2 of 
these wells, which served to provide measurements of background 
signal. Plates were cultured in a humidified incubator for 72 hours, 
after which 5 l of MTS reagent was added to each well. Two hours 
later, absorbance at 490 nm was read with a 384-well plate reader. 
For each plate, absorbance values for each cytokine-treated well were 
normalized to the mean absorbance of the cytokine-free wells on 
that plate and expressed in terms of SDs from the cytokine-free mean. 
Three independent hybrid isolates and three MC38 replicates were 
analyzed. Cytokines or factors that showed a potential differential 
effect on growth of MC38 and hybrid cells were retested in 96-well 
plates. In these experiments, 2.5 × 104 hybrid or MC38 cells were 
plated in the presence of three different concentrations for each sol-
uble factor or in media alone (DMEM + 2.5% FBS), in triplicate for 
each condition. Plates were imaged every 2 hours for 90 hours, and 
then, cell viability was assessed.

Chemotaxis assay
Chemotaxis assays were performed using IncuCyte Chemotaxis Cell 
Migration Assay (Essen BioScience) with at least three technical 
replicates of triplicate samples. Briefly, 1000 cancer cells were plated 
media for 20 hours. CSF1 or SDF1 ligand (25 ng/ml) was added to the 
bottom well, and cells were incubated at 37°C for at least 36 hours with 
live imaging. The neutralizing antibodies to the CSF1R (eBioscience), 
CXCR4 (BioLegend), and isotype control antibody were added to the 
top and bottom wells (2.5 ng/l). Migration was quantified by mea-
suring the phase-contrast area of the top and bottom wells for each 

time point using IncuCyte ZOOM software. Triplicates of each con-
dition were performed, and the means and SDs were calculated. P < 
0.02 for hybrids treated with CSF1 or SDF1 relative to hybrids with-
out CSF1 or SDF1 by unpaired t test. Two independent hybrid iso-
lates were analyzed. Technical octupulicates (MC38) or sextuplicates 
(B16F10) with biologic quadruplicates or triplicates were analyzed. 
For inhibitor studies, technical duplicates with biologic triplicates 
were analyzed.

Migration analysis
From IncuCyte live imaging of cocultured MФs and cancer cells, 
24- to 48-hour image series containing a cancer-MФ fusion event 
was cropped and exported as two separate uncompressed audio video 
interleave (AVI) files: one containing only the red channel for 
TrackMate analysis and another containing both red and green chan-
nels with a sizing legend. Red-channel AVI files were imported into 
FIJI and converted to 8-bit image series with a mean filter of 1.5 
pixels applied. TrackMate analysis was then performed on nuclei 
with an estimated diameter of 10 pixels and a tolerance of 17.5. 
Using the Linear Assignment Problem Tracker, settings for track-
ing nuclei were as follows: 75.0-pixel frame-to-frame linking and 
25.0-pixel and two-frame gap track segment gap closing. Tracks 
segments were not allowed to split or merge. Using the analysis func-
tion in TrackMate, track statistics were exported to an Excel file, and 
tracks containing 11 or fewer frames were excluded from the analy-
sis. A total of 9 hybrid cells and 536 unfused cells were analyzed 
with a P < 1.1 × 10−9 by unpaired t test. Error bars represent SD.

Boyden chamber invasion assay
In vitro invasion assay was performed, as described previously (56). 
Briefly, cellular invasion was measured in a growth factor–reduced 
Matrigel invasion chamber with 8-m pores (#354483, Corning). 
Cells (3 × 105) in a medium containing 0.1% FBS were placed into 
each Boyden chamber. The medium containing 10% FBS was placed 
in the lower chamber to facilitate chemotaxis. Invasion assays were 
run for 15 hours, and then cells that passed through the Matrigel 
membrane were stained with 0.09% crystal violet/10% ethanol. After 
extraction by elution buffer [1:2:1 acetate buffer (pH 4.5)/ethanol/
deionized water], the stain was measured at 560 nm. Representative 
images of invaded cells were taken by an Axio Zoom.V16 micro-
scope (Zeiss). The assay was run in triplicate, in biologic replicate.

In vivo analyses of in vitro–derived cell fusion hybrids
For tumor growth, 8-to 12-week-old C57BL/6J mice (Jackson Lab-
oratories) were injected with 5 × 104 cells (MC38 and MC38- derived 
hybrids) or 5 × 105 cells (B16F10 and B16F10-derived hybrids) sub-
cutaneously or intradermally, respectively. Length (L) and width 
(W) of palpable tumors were measured three times weekly with cal-
ipers until tumors reached a maximum diameter of 2 cm. Tumors 
were surgically removed in survival surgery, or animals were sacri-
ficed during tumor removal in accordance with OHSU Institutional 
Animal Care and Use Committee guidelines. Animals were ob-
served for at least 6 months for detection of tumor growth. For each 
tumor, volume (V) was calculated by the formula V = 1/2 (L × W2); 
volume doubling time for each tumor was extracted from a curve 
fit to a plot of log tumor volume over time. Curves with R2 values 
of less than 0.8 were excluded from analysis, as were tumors with 
six or fewer dimension measurements; these exclusion criteria were 
established in response to the unanticipated early ulceration of some 
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tumors, which precluded accurate measurements of length and width 
(P < 0.05, by Mann-Whitney U test). For growth of tumor at meta-
static sites, 1 × 106 MC38 cells were injected into the spleen. Livers 
were analyzed 3 weeks later for tumor burden by H&E stain. Hybrids 
formed metastatic foci more readily with a P < 0.008 by Mann-Whitney 
U test. MC38 (n = 17) and MC38-derived hybrids (n = 13) were in-
jected in four different technical replicate experiments. For B16F10 
cells, 2.5 × 105 cells were retro-orbitally injected, and lungs were 
analyzed 16 days after injection. Melanin-marked tumor metastasis 
was visualized. Tumor burden was analyzed on paraffin-embedded 
tissue sections located every 100 m apart through the entire lung 
(n = 5 tissue sections per lung). Metastatic foci areas were measured 
using an Aperio ImageScope V12.3.0.5056 to outline metastatic tu-
mors and quantify area. A nonparametric t test was performed. Du-
plicate studies of B16F10 and B16F10-derived hybrids (n = 12 mice) 
were analyzed.

In vivo–derived cell fusion hybrids
For isolation of in vivo–derived hybrids or assessment of CTCs, 5 × 
105 B16F10 (H2B-RFP with or without Cre) cells were injected in-
tradermally into R26R-YFP or actin-GFP mice, respectively. Once 
tumors reached 1 to 2 cm3 in diameter, they were surgically removed 
for immunohistochemical analyses or for FACS/flow analyses.

For demonstration that tumor cells can fuse with myeloid cells, 
5 × 105 B16F10 (fl-dsRed-fl-eGFP) cells were injected intradermally 
into 6- to 8-week-old LysM-Cre transgenic mice. When tumors 
reached 1 cm3, primary tumors and lungs were removed for immuno-
histochemical analyses.
Immunohistochemical analysis of in vivo–derived tumors
B16F10 (H2B-RFP, Cre) primary tumors in Act-GFP or R26R-stop-YFP 
mice were fixed in 10% buffered formalin, frozen in optimum cut-
ting temperature (OCT), and 5-m sections were obtained. Tumors 
from R26R-stop-YFP mice were incubated with antibodies for GFP 
(1:500; Life Technologies) followed by detection with fluorescent sec-
ondary antibody (1:500, Alexa Fluor 488; Jackson ImmunoResearch). 
Nuclei were counterstained with Hoechst (1 g/ml). Slides were digi-
tally scanned with a Leica DM6000 B microscope and analyzed using 
Ariol software. Confocal images were acquired with a FluoView 
FV1000 confocal microscope (Olympus).

B16F10 (fl-dsRed-fl-eGFP) primary tumors and lungs from 
LysM-Cre mice were fixed in 4% paraformaldehyde for 2 hours at 
20°C, washed, and cryopreserved in 30% sucrose for 16 hours at 4°C 
and then embedded in OCT. Primary tumors were stained as de-
scribed in the paragraph above. Lung sections were cut to 8-m 
thickness, baked for 30 min at 37°C, then subjected to antigen re-
trieval under standard conditions (R&D Systems, CTS016), blocked 
with DAKO Protein Block Serum-Free (Agilent, X090930-2), and 
incubated for 16 hours at 4°C with primary antibodies [anti- MITF 
(1:500; Abcam, ab12039), anti-dsRed (1:250; Clontech, 632496), and 
anti-GFP (1:1000; Abcam, ab13970)] in background-reducing anti-
body diluent (Agilent, S302281-2). Fluorescent-tagged secondary anti-
bodies were applied, and then sections were mounted in a ProLong 
Gold antifade reagent (Molecular Probes, P36934). Antibody speci-
ficity was determined by immunostaining healthy lungs of nontumor- 
bearing mice and performing secondary antibody only controls.
FACS isolation and flow cytometric analyses of fusion hybrids
Tumors were diced and digested for 30 min at 37°C in DMEM + 
Collagenase A (2 mg/ml; Roche) + DNase (Roche) under stirring 
conditions. Digested tumor cells were filtered through a 40-m filter 

and washed with PBS. For FACS isolation, hybrid and unfused cells 
were isolated by direct fluorescence on a Becton Dickinson InFlux 
sorter. For flow cytometric analysis, blood was collected retro- 
orbitally using heparinized microhematocrit capillary tubes (Fisher) 
into K2EDTA-coated tubes (BD Biosciences). RBC lysis was performed 
as described above. Cells were washed and resuspended in FACS 
buffer (PBS, 1.0 mM EDTA, and 5% FBS). Cells were incubated in 
PBS containing LIVE/DEAD Fixable Aqua (1:500; Invitrogen) with 
Fc Receptor Binding Inhibitor (1:200; eBioscience). Cells were then 
incubated in FACS buffer for 30 min with CD45-PeCy7 (1:8000; 
BioLegend), CSF1R-BV711 (1:200; BioLegend), F4/80-APC (1:400; 
BioLegend), and CD11b-AF700 (1:200; eBioscience). A BD LSRFortessa 
FACS machine was used for analyses. A statistical significance of P < 
2.2 × 10−6 by unpaired t test was determined for CD45+ hybrid CTCs 
relative to CD45− hybrid, CD45+ unfused, and CD45− unfused CTCs. 
Technical duplicates of n = 5 or 6 mice were analyzed.
Tumorigenic analyses of FACS-isolated in vivo–derived hybrids
A total of 100 or 3000 FACS-isolated hybrids and unfused B16F10 
cells were injected intradermally into C57BL/6J mice. For experi-
ments with 100 cells, technical octuplicates with biologic duplicates, 
triplicates, or quadruplicates were performed, depending on the 
number of hybrids isolated form the primary tumor, for a total of 
n = 16 mice analyzed. For experiments with 3000 cells injected, tech-
nical triplicates were performed.

Statistical analyses and graphical displays
Dot plots, bar charts, and line charts were generated in GraphPad 
Prism or Excel. GraphPad Prism and Excel were also used for statistical 
analyses of these data, including ensuring that data met assump-
tions of the tests used and comparisons of variance between groups 
when appropriate. Microsoft Excel was used to perform two-tailed 
t tests. A three-dimensional scatterplot was generated in R using the 
rgl package. Flow cytometry data were prepared for display using 
FlowJo software. Microarray gene expression data were displayed as 
a heatmap prepared using Genesifter software. Heatmap of MEMA 
data was generated in R using the standard heatmap function and 
default parameters.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat7828/DC1
Fig. S1. Characterization of B16F10-derived fusion hybrids.
Fig. S2. Still images from cell fusion movie.
Fig. S3. Differential growth, adhesion, and cytokine response in hybrids.
Fig. S4. Differential growth and cytokine response in hybrids.
Fig. S5. Characterization of in vivo–derived B16F10 fusion hybrids.
Fig. S6. Flow cytometry gating scheme for B16F10-derived cell fusion analyses.
Fig. S7. Gating scheme for flow cytometry of in vivo–derived hybrids from primary tumor.
Fig. S8. Flow cytometry gating scheme for analyses of murine CHCs.
Fig. S9. Cell fusion in PanIN and tumors from other organ sites.
Fig. S10. Control blood samples for immunohistochemical and FISH analyses.
Fig. S11. Flow cytometry gating scheme for analyses of human CHCs.
Table S1. GO terms derived from differentially expressed genes between MC38 and hybrid cells.
Table S2. GO category gene table.
Table S3. MФ-unique or MФ-enriched genes.
Movie S1. Live imaging of MФ–cancer cell fusion.
Movie S2. Live imaging of cultured hybrid cells past confluence.
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