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ABSTRACT  The ectopic expression of the key transcription factors Oct4, Sox2, c-Myc, and Klf-4

have been shown to reprogram somatic cells to a pluripotent state. In turn these induced

pluripotent stem (iPS) cells, like embryonic stem (ES) cells, have been shown to be able to

reprogram somatic cells by cell fusion. In this study we compare the differences and similarities

between ES and iPS cells measured by somatic cell fusion to somatic cells harboring an Oct4-GFP

transgene. We found that iPS cells were just as potent as ES cells at reprogramming the somatic

genome as measured by Oct4-GFP reactivation. The resulting ES-somatic and iPS-somatic cell

hybrids were characterized for expression of key pluripotency genes, immunostaining for Oct4,

SSEA-1, and the ability to differentiate into cell types representative of the three germ layers. In

addition to restoring pluripotency to the somatic genome following cell fusion, the telomere

maintenance mechanisms of both the ES and iPS cells were found to be dominant in the resulting

ES-somatic and iPS-somatic cell hybrids, resulting in the lengthening of the somatic telomeres

following cellular reprogramming. Therefore this study supports the view that iPS cells can be

virtually indistinguishable from ES cells, even with regard to their reprogramming ability.
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Introduction

Somatic cells can be reprogrammed to a pluripotent state by a
number of methods including; somatic cell nuclear transfer (SCNT),
cell fusion to ES cells, and induction of pluripotency by defined
factors. The mechanisms, efficiency and timing of reprogramming
of the different methods vary substantially and their study has
aided in the delineation of the reprogramming process.

SCNT involves the transfer of a differentiated nucleus to an
enucleated oocyte and can completely reprogram differentiated
mammalian nuclei to a totipotent state able to produce live
offspring (Wilmut et al., 1997). Autologous ES cells can be
isolated from SCNT embryos, termed ntES cells, which possess
all the properties of pluripotent stem cells including the ability to
differentiate into functional cell types for autologous therapeutic
cell transplantation(Rideout et al., 2002). Furthermore, SCNT
based reprogramming has been shown to restore the epigenetic
profile of somatic cells to a pluripotent state, including telomere
length. Telomeres are the protein-DNA structures at the ends of
chromosomes which protect chromosome ends from digestion by
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exonucleases, prevent aberrant recombination, facilitate attach-
ment of chromosome ends to the nuclear envelope and enable
complete replication of DNA (Blackburn, 1991). Telomere length
and stability is most commonly maintained by telomerase, a
ribonucleoprotein reverse transcriptase complex that synthesises
telomeric DNA and is highly expressed in germ cells, stem cells,
tumor cells, and most immortal cell lines. In the absence of
telomerase, as is the case in somatic cells, telomeres progres-
sively shorten with each cell division eventually reaching a critical
point at which cells are susceptible to chromosomal aberrations
and aneuploidy, and can trigger cell senescence and apoptosis
(Blackburn, 1991). Studies in mice (Tian et al., 2000; Wakayama
et al., 2000), pigs (Jiang et al., 2004), and cattle (Betts et al., 2001)
show that telomere lengths in clones were equivalent to age
matched control animals suggesting that telomeres can be repro-
grammed through the cloning process.
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Reprogramming by cell fusion involves the hybridization of
somatic cells with ES cells resulting in an ES-somatic cell hybrid.
ES cells from both mouse (Tada et al., 2001) and human (Cowan
et al., 2005; Yu et al., 2006), have been shown to reprogram
somatic cells by cell fusion. The resulting ES-somatic cell hybrids
have most properties of pluripotency in vitro, such as gene expres-
sion profiles and epigenetic regulation, and are able to differentiate
into cell types of the three germ lineages in teratoma assays when
injected into immuno-compromised mice (Cowan et al., 2005;
Tada et al., 2001; Yu et al., 2006). Furthermore, telomerase activity
in ES-somatic hybrids is observed to be high and similar to those
of ES cells (Hanna et al., 2007), resulting in the lengthening of the
somatic cell derived chromosomes telomeres (Sumer et al., 2010b).

More recently, the induced expression of the transcription
factors; Oct4, Sox2, c-Myc, and Klf-4 in both mouse (Takahashi
and Yamanaka, 2006) and human (Takahashi et al., 2007) somatic
cells has been shown to reprogram the cells to a pluripotent state
termed ‘induced pluripotent stem’ cells. The functional properties
of iPS cells have been demonstrated by their ability to contribute to
the germ-line of chimeras (Okita et al., 2007) and generation of
offspring following aggregation with tetraploid embryos (Boland et
al., 2009; Zhao et al., 2009) as well as their use in differentiation and
transplantation studies in disease models in rodents (Hanna et al.,
2007). Furthermore, increased telomerase activity has also been
shown in both mouse (Stadtfeld et al., 2008; Takahashi et al., 2007;
Takahashi and Yamanaka, 2006) and human (Yu et al., 2006) iPS

cells, resulting in the lengthening of telomeres (Marion et al., 2009).
It has been previously reported that both iPS (Maherali et al.,

2007; Sumer et al., 2010a) and ntES cells (Sumer et al., 2010a) can
reprogram somatic cells by cell fusion. These results suggest that
once a somatic cell nucleus is reprogrammed, it itself has the
capacity and potency to reprogram other somatic cells by cell
fusion - a functional property shared with ES cells. In the present
study we compare the efficiency of cell fusion based reprogram-
ming of both ES and iPS cells fused to somatic cells harboring an
Oct4-GFP transgene. Further, we characterize the pluripotency
properties of the resulting cell hybrids and compared the gene
expression profiles as well as the extent of telomeric reprogram-
ming by analysis of telomerase activity as well as telomere length.

Results

Reprogramming of somatic cells after fusion with ES and iPS
cells

To evaluate the cell fusion based reprogramming efficiency of
both ES and iPS cells we performed polyethylene glycol (PEG)
mediated cell fusion with these pluripotent stem cells to MEFs
isolated from OG2 transgenic mice, which contain a GFP reporter
under the control of the Oct4 promoter region (Fig. 1A). Oct4-GFP
reactivation from the somatic cell was observed within 72 hours of
cell fusion for both ES and iPS cells. Seven days post fusion, 87 
21 (n=3) GFP +ve colonies were observed following ES-somatic

A   B

C

D

cell fusion, while 175  48 (n=3)
GFP +ve colonies were ob-
served following iPS-somatic
cell fusion (Fig. 1 B,C). In order
to determine the reprogram-
ming rate, the fusion efficiency
was determined in parallel ex-
periments in which the pluripo-
tent cells were stained with
CFSE and the MEFs stained
with SNARF-1 prior to fusion.
The somatic cell fusion efficien-
cies were determined to be
0.77% 0.21 and 1.74% 0.44
(n=3), for the ES and iPS cells,

Fig. 1. Generation of cell hybrids.

(A) ES-somatic and iPS-somatic
cell hybrids were generated by
cell fusion between ES D3 cells or
iPS cells with OG2 MEFs
harbouring an Oct4-GFP trans-
gene. Morphology and Oct4-GFP
reactivation of (B) ES-somatic and
(C) iPS-somatic cell hybrids. (D)

FACs profiles to determine fusion
efficiency, (i) SNARF-1 stained
OG2 MEFs, CFSE stained (ii) ES
and (iii) iPS cells, (iv) co-culture of
OG2 MEFs and ES cells, (v) cell
fusion of OG2 MEFs and ES cells,
(vi) co-culture of OG2 MEFs and
iPS cells, (v) cell fusion of OG2
MEFs and iPS cells.
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respectively (Fig. 1D). The cell fusion based reprogramming rate
for the ES and iPS cells were determined to be 0.0114 % and
0.0100 % respectively and were not found to be significantly
different (p=0.596).

Characterization of cell hybrids
Individual GFP +ve ES-somatic and iPS-somatic cell hybrid

colonies were picked and expanded by enzymatic passaging and
two clones of each were used for further analysis, designated ES-
MEF 1 and 2, and iPS-MEF 1 and 2. The hybrids were shown to
have double the DNA content of the two parental cell lines by flow
cytometry analysis (Fig. 2A). Furthermore, the cell cycle profiles of
the two hybrid lines were shown to be similar to that of ES and iPS

ous data (Sumer et al., 2010b), increased telomere fluorescence
intensity was observed in ES cells compared to MEFs, with ES cell
telomeres an average of 2.3 times longer than the MEF cell line
telomeres. Similarly the induction of pluripotency of the QS MEFs
resulted in iPS cells with a mean telomere fluorescence 2.5 fold
longer following reprogramming (Fig. 3 A,B). Examination of telom-
ere fluorescence intensity frequencies of the ES-somatic hybrids
showed a skewing of telomere length to that resembling the ES cell
lines, suggesting that the somatic telomeres had been lengthened
following cell fusion. Furthermore, following iPS-somatic cell fusion
the mean telomere length of the resulting hybrids were also found
to be of a similar length to the pluripotent iPS cell parental line.

Previous studies have shown that telomerase activity in ES-

Fig. 2. Characterisation of cell hybrids. (A) Cell cycle DNA profiles. (i) ES shown in blue, MEF
in red and ES-somatic cell hybrid in green, (ii) iPS shown in blue and iPS-somatic cell hybrid in
green. (B) Gene expression profile of the cell hybrids and the two parental cell lines. (C) Alkaline
phosphotase activity of an iPS-somatic cell hybrid. (D) SSEA-1 immunostaining of an iPS-somatic
hybrids showing phase, counter stained with DAPI in blue. (E) Oct4 immunostaining of an iPS-
somatic hybrids showing phase, Oct4 staining in red, counter stained with DAPI in blue. (F)

Embryoid body formation of iPS-somatic cell hybrids in the absence of LIF, scale bar 500M. (G)

Histology of teratoma tissue derived from an iPS-somatic cell hybrid showing (i) Secretory
epithelium, (ii) cartilage and (iii) dermal tissue. Scale bars, 200 M.

cells with the majority of cells were in S and
G2/M phase, while the majority of the MEF
cells were in G0/1 phase.

The hybrids were further characterized for
their pluripotent properties in vitro and in
vivo. Both the ES-somatic and iPS-somatic
hybrids were shown to express the pluripo-
tency markers Oct-4, Sox2, Nanog, and Rex-
1, while the fibroblast specific marker SPARC
was shown to be silenced in the hybrids (Fig.
2B). Both ES-somatic (data not shown) and
iPS-somatic cell hybrids were also shown to
have high levels of alkaline phosphatase
activity (Fig. 2C), and showed the expected
protein localisation for the pluripotency mark-
ers SSEA-1 to the cell surface (Fig. 2D) and
Oct4 to the nucleus (Fig. 2E). Both ES-
somatic (data not shown) and iPS-somatic
cell hybrids were able to form embryoid bod-
ies in the absence of LIF (Fig. 2F), and the
pluripotency of the hybrids were confirmed
by teratoma assay by injecting the cells into
the thigh muscle of SCID mice. All mice from
both ES-somatic (data not shown) and iPS-
somatic cell hybrid injections developed ter-
atomas, which contained tissues represen-
tative of the three germ layers; endoderm,
ectoderm and mesoderm (Fig. 2G).

Telomeric reprogramming in ES-somatic
and iPS-somatic cell hybrids

Telomeric reprogramming has been ob-
served following cell reprogramming by
SCNT, cell fusion and iPS cell induction. We
next evaluated the extent of telomeric repro-
gramming following both ES-somatic and
iPS-somatic cell fusion. Firstly, quantitative
FISH was performed using a telomere-spe-
cific fluorescent probe on metaphase spreads
of the various cell hybrids, alongside the
MEF, ES and iPS parental cell lines (Fig. 3A).
In order to compare the relative length of
telomeres across the various cell lines, quan-
tification of telomere fluorescence intensities
of metaphase spreads was conducted using
TFL-telo 2.2 software. Consistent with previ-
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hybrids had equally higher levels of telomerase activity, suggest-
ing that the mechanisms regulating telomerase activity of the
pluripotent cell line is dominant in the resulting cell hybrids.

Discussion

One of the functional properties of pluripotent cells is that
they have the capacity to reprogram somatic cells by cell fusion.
It has previously been shown that both mouse iPS (Maherali et
al., 2007; Sumer et al., 2010a) and SCNT derived ntES cells

somatic cell hybrids is high and similar to those of ES cells (Cowan
et al., 2005; Sumer et al., 2010b), and may be the underlying
mechanism for the lengthening of the somatic cell derived chro-
mosomes telomeres in hybrids (Sumer et al., 2010b). Telomere
repeat amplification protocol (TRAP) assay was conducted on
cell lysates from equal number of cells in order to determine the
levels of telomerase activity of the various cell lines (Fig. 4A). Both
ES and iPS cells were shown to have significantly higher telomerase
activity (p<0.05, n=3) when compared to the MEF cell lines (Fig.
4B). Furthermore, both the ES-somatic and iPS-somatic cell

Fig. 3 (Left). Telomere lengthening following cell fusion. (A) Repre-
sentative Q-FISH signal (arbitrary units) using a telomere probe on
metaphase chromosomes. Graphical representation of Q-FISH telomere
length analysis showing a higher mean telomere fluorescence (MTF) in
ES and iPS cells compared to MEFs, while both ES-somatic and iPS-
somatic cell hybrids have a high MTF similar to those of the pluripotent
parental cell lines. (B) Mean telomere fluorescence of Q-FISH signals
showing higher telomere fluorescence signal in the ES, iPS and somatic
cell hybrid cell lines and lower fluorescence in MEFs.

Fig. 4 (Right). Telomerase activity following cell fusion. (A) Telomerase
activity as determined by TRAP assay for the various cell lines including a negative control. (B) Densitometric analysis of TRAP autoradiographs
showing equivalently high levels of telomerase activity in cell lysates of the ES, iPS and somatic cell hybrid cell lines and lower activity in MEFs.

A

B

B

A
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Materials and Methods

Cell culture and differentiation
Feeder-independent mouse ESD3, iPS cells, ES-somatic and iPS-

somatic cell hybrids were cultured in ES media: DMEM (Invitrogen)
supplemented with 15% Hyclone fetal bovine serum, 1 mM L-glutamine
(Invitrogen), 0.1mM -mercaptoethanol (Sigma), 1000U/mL LIF
(Chemicon), 1% non-essential amino acids (Invitrogen) and 0.5% Peni-
cillin-Sreptomycin (Invitrogen). Mouse embryonic fibroblasts were cul-
tured in the same medium without LIF and b-mercaptoethanol. Cultures
were maintained in a humidified incubator at 37C, with 5% CO2/95% air.
To examine teratoma formation, 1-2x106 cells were injected into the rear
leg muscle of 4-6 week old severe combined immunodeficient (SCID)
mice. After 4 weeks, the teratomas were excised and fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned at 5 M and stained
with hematoxylin and eosin by the MIMR Histology Laboratory core
facility.

Cell fusion
PEG mediated cell fusion was performed in a 4 well Nunc tissue culture

plate as previously described (Sumer et al., 2009). In brief, ES or iPS cells
were plated at 0.5x106 cells per cellular fibronectin (Sigma) coated well
and cultured overnight. 1x106 OG2 MEFs isolated from OG2 transgenic
mice (Tat et al., 2010), which contain a GFP reporter under the control of
the Oct4 promoter region, were centrifuged onto the dense monolayer at
400 g for 10 mins. The culture medium was removed and fusion per-
formed by adding 500 L of 50% PEG1500 /150 mM HEPES and incubated
at room temperature for 2 mins. The PEG was removed, the cells washed
4 times in calcium-and-magnesium-free PBS and allowed to recover in
ES medium in the incubator for at least 4 h before the contents of the plate
were trypsinised and plated onto 10 cm dishes for further culture. ES-
somatic and iPS-somatic cell hybrids were identified by Oct4-GFP reac-
tivation and clones were picked and expanded for further analysis.

Fusion efficiency was determined by pre-staining the different cells
with cellular dyes prior to fusion. ES and iPS cells were stained with 1.25
M CFSE (green) for 10 minutes 24 hours prior to fusion, and MEF cells
were stained with the 15 M SNARF-1 (red), for 30 minutes an hour prior
to fusion. The percentages of double positive stained cells were mea-
sured by flow cytometry 3-4 hours post fusion. The fusion efficiency was
calculated by subtracting the double positive value in mock fusions from
the fusion value. To estimate the reprogramming rate the number of GFP
colonies observed was divided by the number of fused MEFs obtained
from fusion. Where, the number of fused MEFs is estimated to be the
average fusion rate percentage multiplied by 1x106 MEF (the starting
number of MEF).

RT-PCR
Total RNA was extracted from cells using the RNeasy kit (Qiagen)

according to the manufacturer’s instructions. To remove contaminating
genomic DNA the resulting total RNA was subjected to DNaseI treatment
using the DNA-free kit (Ambion). 2 g of RNA was used to synthesize
cDNA using the SuperScript III reverse transcriptase kit (Invitrogen).
cDNA samples were subjected to PCR amplification with the following
primer pairs:
Oct4 F, GTTCAGCCAGACCACCATCT

R, CCTGGGAAAGGTGTCCTGTAG
Rex1 F, GGACTAAGAGCTGGGACACG

R, GCTGCTTCCTTCTTGAACAAT
Nanog F, TCAAGGACAGGTTTCAGAAGCA

R, GCTGGGATACTCCACTGGTG
Sox2 F, GAGGAGAGCGCCTGTTTTT

R, GGAGATCTGGCGGAGAATAG
SPARC F, AATTTGAGGACGGTGCAGAGG

R, GGTTGTTGCCCTCATCTCTCT

(Sumer et al., 2010a), like ES cells, have the ability to repro-
gram a somatic genome following cell fusion. In the present
study we have shown that iPS cells are as efficient as ES cells
at reprogramming somatic cells by cell fusion. In addition to
restoring pluripotency to the somatic genome following cell
fusion, the telomere maintenance mechanisms of both the ES
and iPS cells are dominant in the ES-somatic as well as iPS-
somatic cell hybrids resulting in the lengthening of the somatic
telomeres following cellular reprogramming.

iPS cells were shown to have a higher somatic cell fusion
efficiency when compared to ES cells (Fig. 1). Despite this the
reprogramming rate was determined to be similar between the
two cell lines, suggesting that iPS cells are just as efficient as
ES cells at reprogramming somatic cells by cell fusion. Further-
more, the re-activation of the somatic cell derived Oct4 driven
transgene was observed to occur at a similar time post-fusion.
The resulting cell hybrids have a number of ES cell character-
istics including: cell-cycle profile, gene expression of the stem
cell markers Oct4, Sox2, Nanog and Rex-1, and the silencing of
the differentiation marker SPARC. The hybrids also stained
positively for the stem cell markers AP, SSEA1 and Oct4 and
gave rise to teratomas comprised of tissues from the three germ
layers when injected into immune compromised mice.

Telomere regulation and maintenance is critical for pluripo-
tent stem cells. ES cells have relatively high telomerase activity
and long telomeres, in contrast to differentiated somatic cells
which possess relatively low telomerase activity and short
telomeres. This is due to the repression of telomerase during
differentiation which coincides with telomere shortening, which
can ultimately lead to replicative senescence (Osterhage and
Friedman, 2009). It has previously been shown that telomerase
activity and telomere lengthening occurs following reprogram-
ming by SCNT (Tian et al., 2000; Wakayama et al., 2000), the
induction of pluripotency by transcription factors (Marion et al.,
2009; Takahashi and Yamanaka, 2006) and ES-somatic cell
fusion (Cowan et al., 2005; Sumer et al., 2010b). In the present
study we report that the length of telomeres and levels of
telomerase activity appeared to be restored to pluripotent stem
cell levels in both ES-somatic and iPS-somatic cell hybrids. The
mechanism of telomerase activation in fusion cells requires
further investigation in the future. We cannot exclude the
possibility that epigenetic mechanisms may differentially influ-
ence the telomerase catalytic subunit gene promoter on chro-
mosomes deriving from the initial pluripotent cells versus those
from somatic cells. However, these results demonstrate that
the telomerase maintenance of telomeres in both parental
pluripotent ES and iPS cells plays a dominant role in the
hybrids. It is possible that that the induction of pluripotency by
the transcription factors Oct4, Sox2, c-Myc and Klf4 in a
somatic cell results in an iPS cell that not only has the capacity
to restore pluripotency to other somatic cells by cell fusion, but
can also enforce a new telomere maintenance program that
results in longer somatic telomeres.

In summary, iPS cells are just as efficient ES cells at
reprogramming somatic cells by cell fusion. We confirm that iPS
cells are equally dominant over a somatic cell following cell
fusion and can enforce both pluripotency and other cellular
processes such as the telomere length regulation and mainte-
nance in the resulting cell hybrids.
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-actin F, GGAATCCTGTGGCATCCATGAAAC
R, AAAACGCAGCTCAGTAACAGTCCG

Histochemistry and Immnuohistochemistry
Cells were cultured in 4 well glass culture slides (BD Falcon) and fixed

in 4% paraformaldehyde for 10 minutes, washed 3 times with PBS and
incubated with blocking solution (5% goat serum, 1% BSA in PBS) or
blocking solution with 0.1% Triton-X for SSEA-1 and Oct4 primary
antibodies respectively before being exposed to the primary antibodies at
1:100 dilution overnight at 4C. Following three washes with PBS the
slides were incubated at room temperature for one hour with secondary
antibodies goat -mouse IgM Alexa 594 or goat -mouse IgG Alexa 594
(Invitrogen), respectively, diluted 1:1000 in blocking solution. Following 3
washes with PBS and the slides were mounted in Vectashield + DAPI)
(Vector Laboratories) with a coverslip. Alkaline phosphatase activity was
detected with an AP kit (Chemicon) according to the manufacturer’s
instructions

Telomerase activity
Telomerase activity was determined as previously described (Li et al.,

1997). Briefly, cells were washed and lysed by detaching and passing the
cells though a 26.5G needle attached to a 1-mL syringe in prechilled
TRAP lysis buffer. Protein extracts from equal numbers of cells (250) were
incubated with telomeric DNA substrate and deoxynucleotide triphos-
phates, and newly synthesized telomeric DNAs were observed after PCR
using specific telomeric DNA primers and [a-32P]ATP (Perkin Elmer),
polyacrylamide slab gel electrophoresis, and autoradiography. As an
internal control of the PCR and loading, the primers NT
(ATCGCTTCTCGGCCTTTT) and TSNT (AATCCGTCGAGCAGAGTTAA
AAGGCCGAGAAGCGAT) were included in the reaction. Telomerase
activity was quantified by densitometry.

Quantitative fluorescence in situ hybridization (Q-FISH) telomere
length analysis

For telomere Q-FISH analysis slides with metaphase spreads from
cycling cells were generated using standard laboratory protocols. Slides
were fixed in 4% formaldehyde before treatment with Digest-All-3 pepsin
solution (Invitrogen) and hybridized with probe solution (0.3g/ml Cy3-
conjugated [CCCTAA]3 PNA probe (Panagene, Daejeon, South Korea),
70% formamide, 20mM Tris-HCl, pH 7.0, 1% BSA). Washing was con-
ducted in PBS/0.1% tween-20 with one high stringency wash at 57C.
DNA was counterstained with DAPI and visualized and captured using
Plan Fluor 100x oil-immersion objective. Mean Telomere Fluorescence
(MTF – arbitrary units) was determined using the TFL-Telo 2.2 (gift from
Dr. Peter Landsorp, Vancouver). Images from at least 10 metaphase
spreads from each data point were quantified before assembly of data in
a standard spreadsheet program.
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