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Abstract Fusion of somatic cells to embryonic stem
cells induces reprogramming of the somatic nucleus
and can be used to study the effect of trans-acting
factors from the pluripotent cell over the differentiated
nucleus. However, fusion only occurs in a small
fraction of the cells exposed to fusogenic conditions,
hence the need for a protocol that produces high fusion
rate with minimal cell damage, coupled with a method
capable of identifying and selecting these rare events.
Here, we describe a protocol to induce formation of bi-
species mouse pluripotent/bovine somatic heterokar-
yons, as well as same-species homokaryons, using
polyethylene glycol (PEG). To identify bi-species
fusion products, heterokaryons were labeled using cell
type-specific fluorescent antibodies and selected using
imaging (Amnis ImageStream Mark II) and traditional
(BD FACSAria I) flow cytometry. Heterokaryons
selected with this method produced ES cell-like
colonies in vitro. This procedure can be combined
with downstream applications such as nucleic acid
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isolation for RT-PCR and RNA-Seq, and used as a tool
to study somatic cell nuclear reprogramming.
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Introduction

Cell fusion is a process that involves combining the
cytoplasmic membrane of two or more cells to form
one single multinucleated cell (Yamanaka and Blau
2010). Nuclear reprogramming can be achieved by
fusion of somatic cells to pluripotent cells such as
embryonic stem (ES) cells (Tada et al. 2001; Silva
et al. 2006; Sullivan et al. 2006), embryonal germ
(EG) cells (Tada et al. 1997), or embryonal carcinoma
(EC) cells (McBurney and Strutt 1979), suggesting the
reprogramming activity of the pluripotent cell is
predominant over the gene expression pattern of the
somatic cell. The nuclei of somatic cells fused to ES
cells reprogram faster (1 to 2 days) and with greater
efficiency (up to 70%) than cells reprogrammed by
transcription factor induction (Yamanaka and Blau
2010). Fused cells can become hybrids or hetero-
karyons depending if their nuclei fuse or remain intact,
respectively. Gene expression changes in heterokar-
yons happen in the absence of cell division, without
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genomic mixing or transgenes, which makes cell
fusion a powerful tool to study early modifications in
gene expression. Moreover, the use of interspecies
heterokaryons allows the discrimination of the tran-
scriptome of each fusion partner, thus facilitating the
screening of factors provided by the pluripotent cell,
and the changes in gene expression induced in the
somatic nucleus. The cell fusion approach has already
provided valuable information about reprogramming
(Brady et al. 2013) and differentiation (Wong et al.
2017) mechanisms in human and mouse. These
processes are part of the foundations of regenerative
medicine and developmental biology and are, to date,
still not fully understood (Cyranoski 2014). Moreover,
in other domestic and biomedically relevant species
where pluripotent cell lines are not yet fully available
(Koh and Piedrahita 2014; Ezashi et al. 2016), the
interspecies heterokaryon approach could provide new
insights as to which genes and mechanisms are
essential in the establishment and maintenance of
pluripotency.

Despite technological advances in cell sorting and
transcriptome analysis, cell fusion has yet to be used to
its full potential, and protocols designed specifically
for the study of early heterokaryons in a nuclear
reprogramming context are not easily available.
Polyethylene glycol (PEG) is a polyether of repetitive
ethylene oxide units that can be classified according to
the number of ethylene oxide units or their approxi-
mate molecular weight (e.g. PEG-32 or PEG 1500,
respectively), and is used as a drug delivery agent and
in cosmetics (Leung 2014; D’souza Shegokar R and
Shegokar 2016). PEG in the molecular weight range of
1000-3700 has been widely used to induce fusion in a
laboratory setting, mainly due its low cytotoxicity,
cost, and easiness to use, with a protocol that can be
completed in less than 1 h (Davidson et al. 1976; Blau
et al. 1983; Yang and Shen 2006; Yu et al. 2007,
Zhang et al. 2007; Palermo et al. 2009; Pomerantz
et al. 2009; Brady et al. 2013). Fusion can only be
induced in a small fraction of the cells exposed to
fusogenic conditions, and different cell types might
require modifications of the method used in terms of
PEG molecular weight, concentration, and/or time
(Yang and Shen 2006). In a series of preliminary
experiments, we determined that exposing mouse or
bovine primary cells to PEG containing 10% DMSO
produces the highest percentage of binucleated cells,
with low cell death (Villafranca Locher 2018). Here,
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we produced interspecies heterokaryons formed by the
fusion of mouse embryonic stem (mES) cells (C57BL/
6 line) to bovine fetal fibroblasts (bFFs), and identified
them by indirect immunostaining in live cells, using
fluorescent antibodies targeting mES cell-specific
marker SSEA-1 and bFF-specific marker CD44, as
well as nuclear staining using Hoechst. The population
of double-positive heterokaryons was identified first
using the ImageStream Mark I imaging flow cytome-
ter, and then selected using FACSAria I. Imaging flow
cytometry was an essential step to identify the small
heterokaryon cell population (< 1%). Because of its
specificity, the heterokaryons selected with this
method were suitable for downstream applications
such as nucleic acid isolation for RT-PCR and RNA-
Seq, or long-term culture to produce clonal hybrid
colonies. Our selection protocol was also successful
for production and selection of multinucleated
homokaryons.

Materials and methods
Cell culture

Primary bovine fetal fibroblasts (bFFs) were derived
from a male fetus of unknown genetic background
obtained at an abattoir at gestation day 60. Cells were
grown in a 5% CO, in air incubator (Forma series II
water jacketed incubator) at 38.5 °C on 10 cm tissue
culture dishes (Falcon) in fibroblast medium: Dul-
becco’s minimal essential medium (DMEM; Gibco)
supplemented with 10% Fetal Bovine Serum (FBS;
HyClone) and 50 pg/ml Gentamicin (Lonza). Medium
was replaced every two to 3 days. Subculture was
done with TrypLE Express (Gibco) before cells
reached 80% confluence. Cells were passaged at least
twice to ensure proper growth. Primary bFF lines used
for all experiments were between passages 2 to 6.
Mouse embryonic stem (mES) cells from the line
C57BL/6 were purchased from ATCC (CRL-1002)
and cultured in ES cell medium: DMEM with 15% ES
cell-qualified fetal bovine serum (FBS; Gibco), 1X
Non-Essential Amino Acids (HyClone), 1X Glutamax
(Gibco), 1500 U/ml of ESGRO (Millipore), 0.55 mM
beta-mercaptoethanol (Sigma), 1 pM PD0325901
(PD; Cayman chemical company), 3 tM CHIR99021
(CHIR; Cayman chemical company), and 50 pg/ml
Gentamycin (Lonza); mES cells were cultured on a
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monolayer of gamma irradiated mouse embryonic
fibroblasts (IRR-MEFs; StemGent). FACS-sorted
heterokaryons and homokaryons were cultured on
IRR-MEFs, ~ 200 sorted cells per 24-well plate well,
in ES cell medium.

PEG fusion

We seeded 2 x 10° bFFs in one well of a 24-well
tissue-culture treated Falcon polystyrene flat-bottom
microplate (ThermoFisher) in ES cell medium, and
2 hlater 6 x 10° mES cells were seeded in the same
well, without replacing the culture medium. Cells
were co-cultured in ES cell medium for 4 h before
fusion. For fusion, monolayers were washed twice
with 1 ml Dulbecco’s Phosphate-Buffered Saline
(DPBS; HyClone) each time before addition of
200 Wl PEG 1500 (Roche) plus 10% Dimethyl
sulfoxide (DMSO; Sigma Aldrich) mixed and pre-
warmed to 37 °C, for exactly 2 min at room temper-
ature, followed by two successive washes with DPBS
and one wash with ES cell medium (1 ml each one).
Cells were cultured at 37 °C in ES cell medium until
analysis. A co-culture control (bFF and mES cell
plated as described but no fusion) was also included in
one of the replicates.

Indirect immunostaining

Fused monolayers were dissociated to a monocellular
suspension with TrypLE, centrifuged, resuspended in
DNase solution (0.1 mg/ml deoxyribonuclease I in
DMEM; Worthington biochemical corporation) and
incubated for 15 min at room temperature. Following
incubation, the solution was filtered through a 100 pM
cell strainer (Thermo Fisher). Filtered cells were
pelleted by gentle centrifugation and resuspended in
DPBS plus 1% heat-inactivated FBS containing
antibodies or Hoechst, incubated in the following
order: anti-mouse/human CD44 (1:100 dilution,
30 min incubation; Biolegend cat#103001), rabbit
anti-rat AlexaFluor® 488 (1:1000 dilution, 20 min
incubation; Jackson Immunoresearch Inc.,
Cat#3125455003), anti-mouse SSEA-1 (1:100 dilu-
tion, 30 min incubation; Santa Cruz Biotechnology,
sc-21702), goat anti-mouse Alexa Fluor® 647 (1:2000
dilution, 20 min incubation; Abcam ab150123), and
Hoechst (15 min). In all cases, incubation was at 4 °C
in the dark. Between staining steps, cells were pelleted

by centrifugation and supernatant removed before
resuspending in a new staining solution. After the last
incubation step, cells were washed and resuspended in
DPBS with 1% FBS. Controls (negative (unstained),
single colors (CD44/A488, SSEA-1/A647, and
Hoechst), secondary antibodies) were always prepared
in parallel, following all steps described for samples.

Flow cytometry

Cells were stained as described and resuspended in
DPBS with 1% FBS to a concentration of ~ 5 x 10°
cells/sml for ImageStream Mark II (Amnis)
and ~ 1 x 10° cells/ml for FACSAria I (BD) anal-
ysis. The ImageStream is an imaging flow cytometer
that permits visualization (bright field and fluores-
cence) of cells directly in flow; the ImageStream does
not perform sorting. The FACSAria is a sorting
cytometer, and parameters identified on the Image-
Stream can be used to sort cells in the FACSAria. We
first analyzed cells using ImageStream to identify
location of bicolored, multinucleated heterokaryons.
The preprocessing of the images and identification of
the area with highest presence of heterokaryons was
performed with IDEAS ImageStream Analysis Soft-
ware. For all replicates, compensation was done with
single color stained samples. The obtained parameters
were used to collect heterokaryons with the FAC-
SAria. Cells were sorted at low pressure, using a
100 pm nozzle aperture.

Results

Interspecies heterokaryons and homokaryons can
be identified and selected using a combination
of imaging and sorting flow cytometry

Fused monolayers of co-cultured bFFs and mES cells
were stained and immediately analyzed using Image-
Stream, to identify the area in the histogram that
contains double-positive heterokaryons (Fig. la—d).
Distinct nuclei were observed in heterokaryons sam-
pled at 24 and 48 h (Fig. le, f), whereas the double
positive heterokaryons at 72 h presented enlarged and/
or irregular nuclei (Fig. 1g). The parameters identified
on the ImageStream were extrapolated to the FAC-
SAria flow cytometer (Fig. 2) to sort an enriched
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Fig. 1 Identification of heterokaryons using the ImageStream
Mark II imaging flow cytometer. Gating strategy: only single
cells (a) in focus (b) were considered and plotted as intensity of
Hoechst vs. cell area in the bright field image (¢); a population of
high intensity of Hoechst was further selected and plotted as
intensity of Alexa 488 vs. Alexa 647 (d). In this scatterplot, a
population of high A488 and high A647 was found to contain a

population of heterokaryons. The expected yield of
double positive heterokaryons is shown in Table 1.

Somatic bFF/bFF homokaryons were also identi-
fied based on cell size and intensity of cell type-
specific dye (Fig. 3a—c). Distinct nuclei were observed
at all time points (Fig. 3d—f). Gating strategy for
FACSAria is presented in Fig. 4. Expected yield of
double positive bFF homokaryons is shown in
Table 2.

Hybrids can be produced from sorted
heterokaryons

We selected 600 double-positive heterokaryons and
600 bFF homokaryons both at 24, 48, and 72 h after
fusion using FACS, and cultured on IRR-MEFs in ES
cell culture media. Colonies were visible in
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majority of heterokaryons (orange rectangle). Representative
images of heterokaryons found in this area at 24, 48, and 72 h
are shown in e-g, respectively. It was still possible to find some
false positive cells in this subpopulation (yellow asterisks) but it
was not possible to gate these events out. Parameters identified
on the ImageStream were used to sort heterokaryons in the
FACSAria

heterokaryon cultures as early as 24 h, and it was
possible to observe two distinct types of colony
morphologies at all time points: tightly packed
colonies with a defined border (“naive” morphology),
and colonies with an irregular undefined border
(“primed”), as shown in Fig. 5. Colonies were
counted 6 days after plating (Table 3).

Discussion

The interspecies cell fusion approach holds great
potential for the study of early events during nuclear
reprogramming (Yamanaka and Blau 2010). Although
cell fusion has been used for decades, most reports
focus on the study of established hybrid colonies,
which form days after the initial fusion event (Miller
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Fig. 2 Representative image of gating strategy used to select heterokaryons in the FACSAria 1. Heterokaryons are present in the top

right quadrant of the A647 vs A488 scatterplot

Table 1 Approximate expected yield of heterokaryons at different time points

Yield 48 h 72 h
Number of events 150,000 150,000 150,000
Percentage (% parent (A488 4+ A647 +)) 0.7-0.1% 0.2-0.1% 0.2-0.1%

et al. 1976; Cowan et al. 2005; Yu et al. 2006; Imai
et al. 2020). It is known that not all fusion products
form hybrids, making it difficult to estimate how many
cells initially fused. Efficiency of cell fusion also
varies depending on the cell type(s), the fusogen, and
the method used to determine fusion. For example,
Blau et al. (1983) fused human amniocytes and mouse
myotubes with PEG, and observed an average of 73%
of heterokaryon formation by visual inspection of

multinucleated cells (Blau et al. 1983). In contrast,
Brady et al. (2013) used PEG to fuse GFP' mouse
ESCs and dsRed* human primary fibroblasts, and
used FACS to select for double positive heterokar-
yons, obtaining 1.16% of heterokaryons on a first sort,
which was later increased to 51.6% after a second sort
and 77.8% after enrichment (Brady et al. 2013). Here,
using FACS and cell type-specific antibodies SSEA-1
and CD44, respectively, we found that less than 1% of
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Fig. 3 Identification of homokaryons using ImageStream Mark
Il imaging flow cytometer. Similar to heterokaryons, only single
cells (a) in focus (b) were were plotted as intensity of Hoechst
versus cell area in the bright field image (c); in that plot, a
section containing a majority of homokaryons was found.
Representative images of homokaryons found (d) 24 h, (e) 48 h,

the cells initially fused form double positive hetero-
karyons on a first sort.

Upon fusion, heterokaryons can originate prolifer-
ative hybrids which form ES cell-like colonies when
placed in stem cell culture conditions (Yamanaka and
Blau 2010). We observed ~ 5% of sorted hetero-
karyons form colonies when cultured. Interestingly,
hybrid colonies obtained at different time points after
fusion presented different proportions of naive and
primed morphologies, with the number of primed
colonies increasing over 48 and 72 h. While hetero-
karyons collected at 24 and 48 h after fusion presented
distict binucleated morphology, cells obtained at 72 h
after fusion presented irregular nuclei. Abnormal
karyotypes and chromosomal loss has been described
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and (f) 72 h after fusion are shown. It was still possible to find
some false positive cells in this subpopulation (yellow asterisks)
but it was not possible to gate these events out. Parameters
identified on the ImageStream were used to sort homokaryons in
the FACSAria

in hybrid cell lines of interspecies origin (Nowak-
Imialek et al. 2010; Serov et al. 2011), which may
explain the low percentage of heterokaryons forming
colonies, the higher proportion of primed colonies,
and raises concerns over the use of hybrids for the
study of pluripotency. In addition, we observed
colony-like structures in cultured BFF homokaryons,
which is in line with our previous observation about
bFFs and other rapidly growing bovine primary cells
forming aggregates morphologically similar to ES cell
colonies when cultured in confluent monolayers. In
that same study, we also showed that bovine fibrob-
lasts growing in clusters express Alkaline phos-
phatase, a commonly used marker for mouse ES and
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Fig. 4 Representative image of gating strategy used to select bFF homokaryons using FACSAria I

Table 2 Approximate expected yield of homokaryons at different time points

Yield 24 h 48 h 72 h
Number of events 150,000 150,000 150,000
Percentage (% parent (A488 +)) 2.7% 2.1% 4.9%

iPS cells (Villafranca Locher 2018); we therefore did
not use this staining to characterize hybrid colonies.
It has been described that reprogramming happens
in distinct phases early after expression of pluripo-
tency factors in the somatic nucleus (Polo et al. 2012;
Sancho-Martinez and Izpisua Belmonte 2013; Knaupp
et al. 2017). In this context, if heterokaryons are to be
used to study nuclear reprogramming, this should
happen before nuclear fusion and cell division occurs.
In this study, nuclei remained intact up to 48 h after
fusion. Our method is therefore relevant for the study
of early reprogramming events. The bi-species
approach permits the differentiation of transcripts
from the individual fusion partners, and is thus ideal

for the study of nuclear reprogramming in species in
which pluripotent cell lines are not yet available. We
are currently using this method to analyze the bovine
transcriptome upon fusion with mES cells.

Conclusions

We present a method to consistently produce bi-
species somatic/pluripotent (bFF/mES cell) hetero-
karyons, using 50% PEG 1500 plus 10% DMSO.
Multinucleated cells were detected by indirect
immunofluorescence in live cells, using cell-type
specific markers. We used ImageStream imaging flow
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Fig. 5 Representative images of colonies observed after six-
day culture of FACS sorted mouse/bovine heterokaryons,
selected at different time points after fusion with PEG plus

48h 72h

10% DMSO. Colonies with naive or primed morphology were
observed at all time points. Images are 10X

Table 3 Number of colonies observed after 6-day culture of heterokaryons and homokaryons selected at different time points after

fusion
Morphology 24 h 48 h 72 h

Heterok. Homok. Heterok. Homok. Heterok. Homok.

# % # % # % # % # % # %
Naive 14 2.3 0 0.0 26 4.3 0 0.0 45 7.5 2 0.3
Primed 14 2.3 1 0.2 33 5.5 0 0.0 63 10.5 0 0.0
Total colonies 28 4.7 1 0.2 59 9.8 0 0.0 108 18.0 2 0.3

Two distinct colony morphologies were observed at each time point. Percentage indicated is based on the 600 cells initially sorted

cytometry to identify the cell population of interest
and selected these events using FACS. The selected
heterokaryons can be used directly for RNA isolation
for RT-PCR or RNA-Seq, or cultured in stem cell
conditions where they are capable of producing hybrid
colonies. The method described here could be adapted
to other cell types and species, and aid in the
understanding of early nuclear reprogramming mech-
anisms. Our method is also suitable for production of
same species homokaryons.
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