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Introduction

Nuclear reprogramming is the functional con-
version of the genetic material contained with-

in a differentiated somatic cell to a state of
developmental pluripotency or multipotency. A
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notable early success with amphibians was
recorded by J.B. Gurdon in studies that yielded
clonal frogs produced by transfer of somatic
nuclei into oocytes [1]. Decades elapsed before
the creation of Dolly the sheep by somatic cell
nuclear transfer (SCNT) [2]. The process of
reprogramming, whereby a somatic nucleus
acquires new developmental potential, is
thought to occur through epigenetic mecha-
nisms since gene expression is reset to an early
embryonic state without alteration of DNA
sequence. For this reason, a great deal of effort
has been devoted to the investigation of the
molecular-epigenetic machinery in cloned
embryos, embryonic stem cells (ESCs), and
animals. At present, the understanding of nucle-
ar reprogramming at a molecular level is
incomplete, but keen interest in this question is
leading to rapid advances in our understanding.
Areas of intense scrutiny include DNA methy-
lation and its associated enzymology, mecha-
nisms for the establishment, maintenance, and
erasure of imprinted gene expression, and the
management of developmentally-regulated
gene expression through chromatin. This last
area is characterized by considerable molecular
complexity since histones, histone variants,
histone-modifying enzymes and cofactors, and
chromatin assembly and remodeling complexes
all cooperate to assemble developmentally-reg-
ulated chromatin states that are thought to be
extensively reorganized during the reprogram-
ming process.

SCNT is highly effective for the reprogram-
ming of somatic nuclei, but alternative
approaches for reprogramming have garnered
considerable interest. A number of recent stud-
ies have utilized reprogramming activities resi-
dent within cells of embryonic origin to bring
about reprogramming of the somatic genome,
either through direct fusion with somatic cells
or through the use of extracts. In short, three
experimentally-tractable approaches are now
available to bring about reprogramming: [1]
The use of the "reprogramming microenviron-
ment" that naturally occurs within oocytes to
confer developmental totipotency upon trans-
planted somatic nuclei (SCNT), [2] the use of
fusions between somatic cells and stem cells to
confer developmental potency to the resulting

hybrids, and [3] the application of extracts from
oocytes, stem cells, or other cells to directly
alter the developmental potential of somatic
cells.

Insights into reprogramming
mechanisms from nuclear transfer

The production of Dolly the sheep by nuclear
transfer in 1997 demonstrated that fully-dif-
ferentiated mammalian somatic cells could be
reprogrammed to a state of totipotency [2].
This was achieved by replacing the genome of
an unfertilized oocyte with a somatic mamma-
ry cell nucleus. The success rate of mam-
malian cloning by SCNT is very low, howev-
er, with the majority of clones dying in utero
or neonatally, often in conjunction with devel-
opmental problems such as large offspring
syndrome. This low efficiency is improved by
using somatic donor nuclei from hybrid genet-
ic backgrounds [3, 4], but a major component
of the inefficiency likely involves less-than-
perfect nuclear reprogramming [5]. A surviv-
ing cloned animal is a highly rigorous opera-
tional assay for effective reprogramming, but
such successes at the organismal level unfor-
tunately provide little insight into the under-
lying molecular mechanisms that are involved
in reprogramming processes. For this reason,
much effort has been put forth into studying
reprogramming on a molecular-epigenetic
level.

Reprogramming has been studied from two
related perspectives: gene expression and
chromatin analysis. Somatic nuclei do not
express Oct4, a key transcription factor neces-
sary for the maintenance of pluripotency [6].
For this reason, a great number of studies
monitor the reactivation of Oct4 gene expres-
sion as a marker for the acquisition of pluripo-
tency. The Oct4 transcription factor acts on a
multitude of downstream target genes (includ-
ing Dppa1-5, Pramel 4-7, & Ndp52l1) that are
also expressed in pluripotent stem cells. A sig-
nificant proportion of cloned blastocyst
embryos fail to express Oct4 and these down-
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stream genes in a pattern similar to normal
embryos, a finding that suggests that incom-

plete reprogramming is a major cause of
embryo death shortly after implantation [7].
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Fig. 1 Opportunities for reprogramming in serial nuclear transfer experiments. The diagram shows the essential
steps that have allowed the successful production of cloned animals from somatic cell sources that are difficult to
reprogram. In the first step, a somatic nucleus is transferred into an enucleated oocyte to yield a primary NT-embryo.
After culture in vitro to the blastocyst stage, ES cells are derived. ES cell nuclei are then used for a second round of
NT, and secondary NT blastocyst embryos can be transferred to surrogate females to yield live offspring. This
approach contains three stages at which reprogramming of a genome of somatic origin can occur: (A) during the 1°
round of NT, (B) during derivation and propagation of ES cells, and (C) during the 2° round of NT.



More recently, the homeodomain protein
Nanog has also been shown to be a key func-
tional marker of stem cell gene expression as
it is required for stem cell self renewal [8, 9].

Oct4 and nanog expression provide useful
markers of pluripotency, but it is clear that
SCNT brings about very broad changes in the
transcriptional status of the genome. Since
global alterations in chromatin can bring about
such broad changes in gene expression, chro-
matin analyses have gained credence as useful
assays for reprogramming. To this end, X-
inactivation [10], imprinted gene expression,
DNA methylation, and histone modifications
have all been analyzed in the context of SCNT
[11, 12]. Such studies show that incomplete
reprogramming can be detected at many devel-
opmental stages. For instance, the majority of
blastocysts derived by SCNT show severely
altered DNA methylation within differentially
methylated domains adjacent to the imprinted
H19 and Snrpn genes and loss of monoallelic
expression of imprinted genes [13].

A "two-step" method has been developed to
improve the efficiency of mammalian repro-
ductive cloning (Fig. 1), and has proved effec-
tive for reprogramming difficult cell types
such as B and T cells [14]. In this approach, a
somatic cell nucleus is transferred into an
enucleated oocyte and the reconstructed
embryo is allowed to develop to the blastocyst
stage in vitro. Embryonic stem cells are
derived from the blastocyst clones (ntESCs).
Nuclei from ntESCs are then used for a sec-
ond round of nuclear transfer. The resulting
secondary blastocysts can then be implanted
to yield live offspring [15]. This approach
provides expanded opportunities for nuclear
reprogramming since the somatic genetic
material transits through two rounds of SCNT
and preimplantation development, and resides
in ESCs for a considerable number of cell
divisions. Though ESC nuclei are efficiently
reprogrammed in comparison to terminally-
differentiated cells, mice generated by this
approach are still not free of epigenetic
defects [16]. For instance, mice cloned from
cumulus cells or ESCs exhibit aberrant gene
expression as judged by microarray analysis
of liver and placenta RNA [16, 17].

Spontaneous fusion: nuisance or
opportunity?

Interest was stirred in the field of adult stem
cell research when engraftments of marked
bone marrow stem cells (BMSCs) apparently
displayed remarkable lineage plasticity follow-
ing engraftment. However, subsequent studies
demonstrated that fusion of ESCs and somatic
cells occurs spontaneously under conditions of
co-culture [18, 19]. These findings suggested
alternative interpretations in which endogenous
somatic cells acquired stem cell markers
through simple fusion events. Though these
findings raised concerns, later studies that con-
trolled for cell fusion revealed that adult stem
cells do possess a remarkable degree of devel-
opmental plasticity. For instance, bone marrow-
derived cells possessed the ability to develop
into cells with epithelial character, apparently
without fusion as judged by a sensitive cre-lox
strategy to detect fusion events [20]. Taken
together, these results indicate a promising
future for investigations of adult stem cell plas-
ticity, but such research should be conducted in
conjunction with robust methods to detect
fusion events.

Cell fusion and reprogramming can be stud-
ied with rigor in cell culture systems. In one
instance, hybrid cells were generated when
mouse bone marrow cells were grown on mitot-
ically-inactive fibroblast feeder cells. These
hybrids contained genetic markers from both
cell types and expressed endothelial markers
when plated on matrigel matrix [21]. In another
study, neurosphere cells derived from embryon-
ic day 14.5 mouse forebrain spontaneously
fused with ESCs under conditions of co-culture
[19]. The fused cells had markers from both
fusion partners, grew with ESC-like morpholo-
gy, and contained a tetraploid complement of
chromosomes. These neurosphere/ESC hybrids
contributed readily to chimeras. Spontaneous
cell fusion was also detected when hygromycin-
sensitive mouse ESCs were co-cultured with
hygromycin-resistant primary murine brain
cells for 5 days [22]. The resulting hybrid cells
formed hygromycin-resistant colonies and
expressed the stem-cell specific Foxd3 gene
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Year Embryonic
cell type

Somatic 
cell type Method of Fusion Reprogramming Assays Ref.

1997 EGC1 Thymocyte Electrofusion
Methylation and expression of
imprinted genes, contribution to
chimeras

[32]

1998 ESC2 Splenocyte PEG3-mediated

Expression of embryonic anti-
gens, embryoid body formation,
contribution to chimeras, X-chro-
mosome reactivation

[23]

2001 ESC Thymocyte Electrofusion
X-chromosome reactivation,
somatic Oct4-GFP expression,
contribution to chimeras

[24]

2002 ESC Brain cells Spontaneous fusion
in culture Contribution to chimeras [19]

2002 ESC Brain cells Spontaneous fusion
in culture

Contribution to chimeras, Foxd3
expression from somatic chromo-
somes

[22]

2003 ECC4 Human 
T-lymphoma cell PEG-mediated

Oct4, Sox-2 expression from
human chromosomes, CD45
down-regulation

[33]

2003 ESC Thymocyte Electrofusion
Gene expression in teratomas,
dopaminergic neuronal differenti-
ation and gene expression 

[28]

2004 ESC NSC5 PEG-mediated
Oct4-GFP expression from
somatic chromosome, gene
expression 

[29]

2004 ESC Thymocyte Electrofusion Histone modification patterns of
hybrid cell genome [26]

2005 ESC Thymocyte Electrofusion Nanog expression from somatic
chromosomes [25]

1: mouse embryonic germ cells, 2:  mouse embryonic stem cells, 3: polyethylene glycol, 4: mouse
embryonal carcinoma cells, 5: neurosphere cells

Table 1 Summary of fusion experiments demonstrating reprogramming
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from the chromosome originally present in the
neural cells. Furthermore, these hybrid cells
contributed to all three germ layers in chimeras.

Fusion-mediated reprogramming
using ES cells

ESCs are pluripotent since they can give rise to
every cell present in the embryo proper. For
this reason, ESCs are a cell-type of choice to
bring about reprogramming when used as a
fusion partner with somatic cells. A number of
recent studies demonstrate the existence of
potent reprogramming activities within ESCs
(Table 1).

In one study, hybrids were generated by
fusion of male murine Hprt-/- ESCs with female
mouse splenocytes. Fused cells were selected in
HAT medium. The resulting hybrid cells exhib-
ited near-tetraploid karyotypes and formed a
variety of embryoid bodies containing cell-
types corresponding to all three germ layers
[23]. In addition, these cells contained syn-
chronously-replicating X chromosomes, sug-
gesting that the inactive X chromosome of
splenocyte origin was reprogrammed to a pre-
inactivation state. In another study, fusions of
female mouse adult thymocytes harboring a
silent GFP transgene under the control of the
Oct4 promoter with male mouse ESCs yielded
hybrids that expressed GFP [24]. The thymo-
cyte/ESC hybrids contained reactivated X chro-
mosomes of thymocyte origin as judged by flu-
orescent in situ hybridization for Xist RNA. In
this study, Xist RNA was observed to bind
unstably to all three X chromosomes, suggest-
ing a state of partial X chromosome inactiva-
tion. The finding that all three X chromosomes
in hybrids replicated synchronously and con-
currently with autosomes strengthened evi-
dence for a pre-X-inactivation state. Oct4 pro-
moter activity (as assessed by reactivation of
the silenced Oct4 promoter driven GFP trans-
gene in thymocytes) was observed approxi-
mately 48 hours after fusion. In a developmen-
tal assay for potency, ESC/thymocyte hybrids
contributed to all three germ layers in mouse

chimeras. The methylation status of imprinted
H19 and Igf2r genes was unaltered by fusion
with ESCs, unlike the case of fusions of somat-
ic cells with embryonic germ cells (EGCs, see
next section), where methylated sites near
imprinted genes were erased.  The pluripotency
factor Nanog is expressed in morula, blasto-
cyst-stage embryos, and ESCs, but not differen-
tiated somatic cells. The silent nanog gene is
reactivated upon fusion of somatic cells with
ESCs or when somatic nuclei are transplanted
into oocytes [25].

Modifications upon histones play a key role
in the epigenetic management of gene expres-
sion. Interestingly, the somatic genomes of
hybrid cells (generated by fusion with ESCs)
exhibit hyperacetylation of histones H3 and H4,
global di- and tri-methylation of lysine 4 of H3,
and hyperacetylation of lysine 4 of H3 within
the Oct4 promoter. However, di- and tri-methy-
lation of lysine 4 of H3 was also observed in
the promoter region of several silent genes.
This surprising finding shows that H3 lysine 4
methylation is not obligately correlated with
transcriptional activity. Furthermore, this may
indicate that reprogramming may be partial at
the molecular level in cell hybrids [26].

Mice harboring the selectable gene-trap con-
struct ROSA26βgeo contain cells with ubiqui-
tously expressed neomycin drug resistance and
β-galactosidase activity that allow them to be
positively selected in the presence of neomycin
and stained blue in the presence of the chro-
mogenic substrate X-gal [27]. Hybrids between
mouse Hprt- Hm1 ES cells and thymocytes con-
taining a selectable ROSA26βgeo transgene
produced teratomas in SCID mice that con-
tained differentiated cells of all three germ lay-
ers [28]. These hybrids retained chromosomes
from both fusion partners as judged by the
presence of specific polymorphisms. The
fusion-derived cells could differentiate into
neuronal-like cells that express the dopaminer-
gic neuronal marker PitX3 when co-cultured
with PA-6 stromal cells. When neuronally-dif-
ferentiated hybrids were implanted into mouse
brains, the cells expressed tyrosine hydroxy-
lase, providing evidence that hybrid cells can
differentiate into neuronal cells with dopamin-
ergic characteristics.
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Cell fusion has also been used as a tool to
investigate the subcellular location of repro-
gramming activities by performing fusions uti-
lizing karyoplasts and cytoplasts derived from
ESCs [29]. ESC karyoplasts and cytoplasts
were fused to neurosphere cells harboring a
silent Oct4-GFP transgene and ROSA26βgeo.
Neomycin-resistant colonies with stem cell-like
morphologies were obtained from karyoplast
but not cytoplast fusions, indicating that the
major reprogramming activity within ESCs is

nuclear in this system. Furthermore, the ESC
karyoplast/neurosphere hybrids also reactivated
the Oct4-GFP reporter, suggesting the acquisi-
tion of pluripotentiality. RT-PCR assays also
showed that the pluripotency markers nanog
and Rex1 were reactivated, while the ectoderm
marker GluR6 was silenced. These results show
that these hybrids do not simply contain the
union of gene expression patterns of the two
fusion partners, showing that bona fide repro-
gramming likely occurred.

Fig. 2 Approaches to generate diploid reprogrammed cells. A: Simple fusion. The resulting hybrid, though repro-
grammed, contains a 4N complement of chromosomes of both somatic and ESC origin, and will be rejected upon
engraftment in the absence of immunomodulatory drugs. B: ESCs are fused with somatic cells to yield a transient
heterokaryon. The ESC nucleus is removed prior to synkaryon formation. C: A membrane-bound derivative from
ESCs is prepared that lacks a nucleus. Alternatively, a reprogramming extract from ESCs is prepared that lacks DNA.
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Fusion-mediated reprogramming
using other embryonic cells

Primordial germ cells (PGCs) contain interest-
ing reprogramming activities since they under-
go imprint erasure shortly after migration to the
genital ridge but prior to the establishment of
male or female gonadal fates. PGCs can be
identified by expression of an Oct4-GFP trans-
gene, which allows their purification by fluo-
rescence activated cell sorting (FACS).
Analysis of DNA contained within PGCs pre-
pared in this way revealed demethylation at
multiple genetic loci including both imprinted
and non-imprinted genes [30, 31].  This finding
makes PGC cells and their cultured derivatives,
embryonic germ cells (EGCs), attractive candi-
dates for intentional fusion with 
somatic cells to bring about reprogramming.
Indeed, when PGCs marked with ROSA26βgeo
were electrofused to thymocytes, several
imprinted and non-imprinted genes underwent
demethylation, in essence adopting a state
observed in normally-derived EGCs [32]. In
overall morphology, the hybrids resembled
EGCs, but inspection of the hybrid karyotype
revealed a tetraploid complement of chromo-
somes. When EGC/T-cell hybrids were injected
into host blastocysts and implanted into pseu-
dopregnant mothers, β-galactosidase expres-
sion was widely observed in chimeric embryos
at days E9.5 and E10.5. Though EGCs clearly
contain potent demethylating activities, it
remains unclear if the expected loss of imprints
in PGC/somatic fusions would have conse-
quences for cell-based therapies.

Mouse embryonal carcinoma cells (ECCs)
can also reprogram somatic cells. For instance,
human T-lymphoma cells were reprogrammed
upon fusion with mouse embryonal carcinoma
cells. In this instance, the hybrids expressed
human Oct4 and Sox-2 genes, showing that
human genes involved in pluripotency were
derepressed by the hybridization event. In addi-
tion, ECC/T-lymphoma hybrids expressed
reduced levels of CD45 surface protein, sug-
gesting that lymphocytic characteristics of the
hybrids may have been altered [33].

Prospects for the future

Custom human embryonic stem cells (hESCs)
could in theory be harvested from embryos creat-
ed by SCNT. Though such cells might have com-
plete, or nearly complete, autologous immune
characteristics upon engraftment, this approach
would require a ready supply of oocytes, be
labor-intensive, technically challenging, and
expensive.  Therefore, much interest has been
focused on alternative methods to bring about
similar reprogramming without using SCNT. One
approach would be to use reprogramming activi-
ties resident within embryonic stem cells. Such
activities could be brought into contact with a
patient's somatic cells by fusion. The resulting
tetraploid cells may themselves be of utility for
cell-based therapy, but these cells may have
unforeseen problems that arise from their
tetraploid chromosome complement, including
intrinsic tendencies to form tumors. Therefore,
approaches to remove the stem cell genome from
hybrids, or utilize reprogramming extracts pre-
pared from stem cells, will need to be developed
and refined.

Cell fusion with ESCs is an attractive strategy
since a single human ES cell line with proven
reprogramming activity could be used for hun-
dreds, if not thousands, of fusion-mediated repro-
gramming events. However, hybrid cell kary-
otypes can be unstable, and ESC/splenocyte
hybrids lose chromosomes from the somatic part-
ner, especially if the cells are not maintained
under selection [34]. For these reasons, much
interest has focused on ways to alleviate this
problem by removing the nucleus of the repro-
gramming cell either before, or shortly after
fusion. One approach, in development by Paul
Verma at the Monash Institute of Reproduction,
fuses stem cells to themselves to create tetraploid
ESCs which are then fused to somatic cells [35].
Chemical inhibition is applied long enough to
keep the tetraploid nuclei from fusing to the
diploid somatic nuclei, but hopefully without
inhibiting the reprogramming of the somatic
genome. The heavier tetraploid nucleus is then
removed from the hybrid cell by centrifugation
(Fig. 2B).
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Though removal of the ESC genome after
fusion but before synkaryon formation could
address the ploidy problem, the recent finding that
the nucleoplasm of ES cells may contain the bulk
of reprogramming activities [29] suggests that
reprogramming may be difficult to achieve with
such methods. Another approach is to use "repro-
gramming cocktails". Cell-free extracts or artifi-
cial preparations could be delivered directly to
somatic cells or applied in cell culture. The source
of such extracts may not even need to be mam-
malian: amphibians can regenerate lost limbs
through a process thought to proceed through the
de-differentiation of cells at the wound site.  When
mouse C2C12 myotubes are exposed to extracts
derived from the limbs of regenerating newts, a
significant number of myotube cells reenter the
cell cycle and lose expression of the muscle mark-
ers MyoD, myogenin, and Troponin T, suggesting
that reprogramming or de-differentiation can be
elicited by exposure to newt extracts [36].

Novel approaches are being developed that uti-
lize cell extracts that can directly reprogram
somatic cells to bring about transdifferentiation.
For instance, extracts from human activated T
cells remodel the chromatin of the IL-2 promoter
in resting T cells and other non-T cell lines result-
ing in derepression of the IL-2 gene [37]. Though
this is encouraging, it remains to be seen if this
strategy of "direct reprogramming" will be effec-
tive in altering cell identity to the extent that a
patient's somatic cells could be rendered useful for
cell-based therapies. In a similar study, the appli-
cation of cytoplasmic and nuclear extracts from T-
cells caused 293T fibroblasts to express lymphoid
genes such as T-cell and IL-2 receptor genes [38].
Finally, synthetic small molecules may one day
perform some reprogramming functions, and a
recent report details a small molecule called
reversin that can transform mammalian myoblasts
into cells with characteristics of adipocytes or
osteoblasts [39].

Conclusions

Recent experiments that make use of sponta-
neous or intentional fusions of somatic cells

with ESCs, ECCs, EGCs, or others, have shown
that somatic nuclei can be reprogrammed
through cell fusion. Such reprogramming con-
sists of the epigenetic remodeling of the somat-
ic genome to yield a new (and typically more
embryonic) state of chromatin organization and
gene expression. Reprogramming of
somatic/embryonic cell hybrids can be opera-
tionally assessed by performing assays of
developmental potential such as chimera for-
mation. In addition, the combined use of poly-
morphisms and reporter genes, especially those
driven by Oct4 transcriptional regulatory
sequences, has shown that embryonic genes can
be activated within the genome of somatic ori-
gin within hybrids.

Based on the work with hybrids outlined in
this review, we propose three conditions that
should be satisfied for proof of reprogramming
in hybrid cells: (1) The gene expression in
hybrids must consist of more than the sum of
individual patterns of gene expression present
in unfused parental cells. (2) Gene silencing or
activation in hybrids is best demonstrated with
polymorphisms that mark the "parental" origin
of reprogrammed gene expression. (3)
Reprogrammed hybrid cells should exhibit
unique developmental potential or biological
characteristics.
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