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Development is a remarkably orderly process
— it begins with a totipotent zygote and ends
with an array of specific, differentiated cell
types in adults. About 40,000 genes are
needed to build a human being possessing

~200 histologically distinct cell types, and these categories
can be subdivided further into a myriad of specialized cell

types. They fulfil precise functions that are as diverse as
mounting a defence against diseases, regulating energy
input–output and building neural networks, so allowing
us to interact with our environment.

Once a cell is fully differentiated, this state is strikingly 
stable. Regardless of how different a neuron is from a 
hepatocyte, most cells retain an intact genome with the full
complement of genes that are present at the beginning in the
zygote. This simple concept of profound significance for
development had its origin in the work of Spemann. The 
distinguishing features of cells arise from an orderly selection
of genes that are expressed while the rest are switched off.

The genetic network that controls developmental deci-
sions is beginning to be defined. The ability to acquire and
inherit gene-expression patterns efficiently is also crucial to
the individual history of cell differentiation. There are
potential mechanisms that can allow differentiated cells to
perpetuate the ‘molecular memory’ of the developmental
decisions that created it. We know that this occurs without
alterations or deletion of any DNA sequences, but rather by
epigenetic mechanisms, which propagate appropriate 
patterns of gene expression (Fig. 1). These mechanisms
involve heritable but potentially reversible modifications of
DNA, primarily methylation of CpG (cytosine–guanine)
dinucleotide1. The binding of specific protein complexes to
DNA also occurs to form stable and heritable chromatin
structures that ensure efficient silencing of genes2,3 that are
no longer required for determination of cell fate, allowing
expression of only those genes that define properties of 
specific, differentiated cell types.

Although the mechanisms that perpetuate cell memory
are naturally robust and reliable, they can be erased under
some circumstances. The most pronounced manifestation
of this erasure occurs when a differentiated somatic nucleus
is transplanted back into an oocyte, which results in the
restoration of totipotency4–7. The reconstituted egg can 
then progress forward to generate a new organism that is a
genetic copy or a clone of the individual nuclear donor.
While not an efficient process, it is remarkable that it occurs
at all; importantly, however, this establishes the principle
that epigenetic states are reversible. 

Mammalian genomes have an additional layer of epige-
netic information referred to as genomic imprints, so called
because they carry a molecular memory of their parental
origin that is acquired in the germ line (Fig. 1). All our
genomes therefore contain these distinct maternal and
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Figure 1 Epigenetic states are potentially reversible. Most cells contain
the same set of genes, but their phenotype can vary according to which
genes are expressed and repressed. Alterations in gene-expression
patterns, without changes in DNA sequences, are referred to as epigenetic
mechanisms. Epigenetic mechanisms make it possible to restore
pluripotency to a differentiated cell, and a differentiated cell can also
undergo transdifferentiation resulting in a pronounced change in its
appearance and function. Mammalian genomes contain an additional
layer of epigenetic information referred to as parental ‘imprints’. These
imprints are erased and re-initiated normally in the germ line, and passed
on to the offspring in which they survive into adulthood. Parental imprints
also regulate gene expression and confer functional differences on
parental genomes during development. Parental imprints can undergo
changes without affecting the fundamental property of pluripotency.
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paternal ‘imprints’ that are inherited after fertilization by embryos
and endure thereafter into adulthood8,9. These modifications, which
are recognized as differential methylation of specific DNA sequences
in sperm and oocytes, regulate expression of imprinted genes, which
confer functional differences between parental genomes during
development. Thus parental genomes exhibit an epigenetic asymme-
try at fertilization, which persists throughout life. Furthermore,
while the overall epigenetic state of the genome changes markedly
during development and differentiation of cells, the parental
imprints remain relatively stable.

Reprogramming of genomes during imprinting in the germ line
requires a stepwise cycle of erasure and re-initiation of imprints. A
less well explored but a highly significant consequence of genomic
imprinting is that the oocyte cytoplasmic factors have apparently
evolved and acquired complex properties in mammals that are
required to enhance and maintain the epigenetic asymmetry
between parental genomes in the zygote (refs 8, 10–13, and K. Arney
et al. unpublished data). These factors could have important conse-
quences for reprogramming of a somatic nucleus to totipotency
when transplanted into the oocyte. One key objective in this field is to
gain a detailed knowledge of the mechanisms involved in the erasure
of existing epigenetic states and establishment of new modifications
for totipotency and during imprinting. These studies will allow us to
assess more precisely events associated with reprogramming of
somatic nuclei to a pluripotent or a totipotent state. The analysis of
epigenetic mechanisms involved is also crucial for our ability to
manipulate pluripotent stem cells and for the derivation of a range of
differentiated cell types from pluripotent embryonic stem cells.

Epigenetic asymmetry between parental genomes
One of the main consequences of genomic imprinting and epigenetic
asymmetry is that, whereas oocytes are potentially totipotent in many
organisms, this is not so in mammals. This is because the maternal
genome is epigenetically modified in the germ line to contain only the
maternal ‘imprints’, which will normally result in the repression of
certain maternally inherited imprinted genes. A paternal genome is
essential to ‘rescue’ the oocyte, as the maternal genes are imprinted
reciprocally to paternal imprints14,15. So both parental genomes are
needed for normal development — the paternal genome is relatively
more important for development of the extraembryonic tissues, such
as the trophectoderm, whereas the maternal genome apparently has a
greater influence on development of the embryo proper.

So far, about 45 imprinted genes have been identified in mice and
humans8,9,16. Imprinted genes may regulate some of the crucial
aspects of mammalian physiology associated with reproduction, pla-
centation, energy homeostasis, lactation and behaviour16–18. For
example, Igf2, which encodes a fetal insulin-like growth factor 2, is
repressed in the maternal genome and active only in the paternal
genome19. Other genes are repressed in the paternal genome and
active in the maternal genome8,9,16 (for full details, see
www.mgu.har.mrc.ac.uk). Some of the anomalies encountered in
cloned embryos suggest disruption of imprinted gene expression20.

Imprinted genes are often organized in clusters, sometimes in the
megabase-range chromosomal regions containing key control ele-
ments — the differentially methylated regions (DMRs)8,9,16. DMRs are
CpG rich and subject to epigenetic modifications. These imprinting
control regions are often complex with multiple functions acting to
repress genes when methylated, or serving as boundary elements
when unmethylated (the boundary element21,22 indirectly affects
expression of neighbouring genes). Some DMRs also function as
silencer elements when unmethylated23, a function that is apparently
abolished when the DMR is methylated. In other instances, a DMR is
associated with the expression of an antisense transcript whose
expression in turn ensures repression of the upstream gene24. The
result, in all cases, is to ensure monoallelic expression of imprinted
genes. Such complex organization of imprinted genes means that any
disruption of such clusters through chromosomal translocations or

epigenetic mutations can cause anomalous expression of many genes
within the cluster, and this accounts for some of the diseases associated
with growth, neurogenetic disorders and diabetes8,9,16.

Genomic imprinting probably accompanied mammalian evolu-
tion25, and the evolution of placentation and viviparity in mammals
resulted in significant changes in early development. One striking
aspect is the emergence of trophectoderm cells, which are essential
for blastocyst implantation and as such are the first differentiated cell
type to form during development. Also within the blastocyst are the
pluripotent epiblast cells, the precursor of embryonic stem (ES) cells
(Fig. 2). Gastrulation commences relatively late after implantation in
response to signals that emanate from the trophectoderm and 
primary endoderm cells. Another feature of mammalian develop-
ment is that the oocytes are relatively small and lack the cytoplasmic
determinants of development commonly encountered in other
organisms, including those for the germ cell lineage. As a result, there
is relatively early activation of the embryonic genome, which in the
mouse occurs at the two-cell stage (Fig. 2).

The initiation of imprinting is confined to the germ line, first with
the erasure of existing imprints in primordial germ cells (PGCs)26–29,
followed by the initiation of a new set of imprints in the male and
female germ lines. It should be noted that whereas methylation of
DMRs for some genes results in their repression, in other instances
(for example, the Igf2r gene), methylation is essential for gene activa-
tion8,9,16. In most instances, methylation of DMRs occurs predomi-
nantly in the female germ line. Nuclear transplantation studies
between developing oocytes have shown that the maternal imprints
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Figure 2 The sequence of early development and the source of pluripotent stem
cells. Development commences with the totipotent zygote following fertilization with
reciprocally ‘imprinted’ parental genomes. Imprinting confers developmental
asymmetry on parental genomes, so that both are essential for normal development.
The mouse embryonic genome is activated at the two-cell stage, and is followed by
development of a blastocyst with an inner cell mass and trophectoderm cells. The
epiblast cells within the inner cell mass are pluripotent, and give rise to all the
somatic cells in the fetus, as well as germ cells. PGCs retain pluripotency as shown
by the ability to generate EG cells, which may lack parental imprints.
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are acquired at the time when oocytes resume growth from a quies-
cent state prior to ovulation30–32. At this time, the X chromosome also
acquires an imprint for the non-random inactivation of the paternal
X chromosome in trophectoderm and primary endoderm cells29.
The precise mechanism by which de novo methylation of DMRs
occurs is not yet known, but it should involve some germline-specific
factors acting in conjunction with DNA methyltransferase enzymes.

Genomic reprogramming in the germ line
Two important properties of PGCs are that they retain pluripotency
(reviewed by Donovan and Gearhart, pages 92–97), and they are
endowed with an exceptional capacity for epigenetic modifications
of the genome. A unique feature is their ability to erase parental
imprints, which shows that epigenetic modifications associated 
with imprinting can occur independently of the genomic status 
concerning pluripotency.

The pluripotent germ line
Elaborate transcriptional regulation is generally associated with the
founding of germ cells to prevent them from acquiring a somatic cell
fate. In mice, germ cells originate from the proximal epiblast cells of the
embryonic day 6.5 (E6.5) egg cylinder. Cells migrate to the posterior
proximal region where a founder population of ~45 PGCs is detected
by E7.2 (refs 33, 34). It is the proximal location of the epiblast cells that
is critical for germ cell fate, rather than any intrinsic properties of these
cells35. The specification of germ cell lineage depends on signals, such as
bone morphogenetic protein (BMP)-4 and BMP8b (refs 36, 37), origi-
nating from the extraembryonic ectoderm in contact with the 
proximal epiblast. PGCs can be generated in vitro by combining 
epiblast with extraembryonic tissues38 and, in principle, it should also
be possible to generate PGCs from ES or embryonic germ (EG) cells.
Oct4, a gene expressed in all totipotent and pluripotent cells in mam-
mals39,40, has an enhancer that is required for its expression predomi-
nantly in germ cells40. There are, however, additional genes involved in
the specification of the germ cell fate, and these are also likely to be 
crucial for pluripotency in general, including pluripotent stem cells
(M. Saitou, S. C. Barton and M.A.S., unpublished data). Nevertheless,
PGCs cannot participate in early development if re-introduced into
blastocysts, unlike ES cells that can differentiate into a wide variety of
somatic cells and germ cells. It may be that PGCs do not respond to 
signalling molecules, or that they are transcriptionally repressed. That
PGCs are pluripotent is illustrated by the ability to derive EG cells from
them41,42, which share many common properties with ES cells. Precise-
ly how a PGC reverts to a pluripotent EG cell remains unknown.

Epigenetic modifications in germ cells
When PGCs begin migration into the genital ridge at E9.5–10.5, 
they contain genomic imprints, and one of the two X chromosomes 

is inactive in female PGCs (ref. 43, and P. Hajkova et al., unpublished
data). Pronounced epigenetic modifications commence with the
entry of PGCs into the genital ridge (Fig. 3). There is rapid and 
possibly active genome-wide demethylation in both male and 
female PGCs, resulting in the erasure of imprints (refs 28, 30, 32, 44,
and P. Hajkova et al., unpublished data). This is accompanied by 
reactivation of the inactive X chromosome in female germ cells43. 
The same mechanism also erases any aberrant epigenetic modifica-
tions, so preventing the inheritance of epimutations, which 
consequently occurs very rarely45. The precise mechanism 
responsible for epigenetic erasure and demethylation in PGCs is 
as yet unclear.

Concerning the timing of epigenetic modifications in PGCs, there
are at least two possibilities. First, these epigenetic modifications may
be triggered in PGCs by a signal from somatic cells when they enter
the genital ridge at E10.5–E11.5, which at this stage of development is
undifferentiated and identical in both male and female embryos.
Alternatively, the erasure of imprints might occur at a specific time
and be regulated by a developmental clock. Whatever determines the
timing of these events, PGCs by E13.5 possess an equivalent epigenet-
ic state with erased imprints26,27,44, and male and female gonads
become distinguishable with distinct phenotypes. The erasure of
imprints is also observed in EG cells28. Here it occurs precociously,
being found in EG cells derived from PGCs before their entry into the
genital ridge, and could be due to culture of PGCs in vitro. It is 
important to note that ES cells do not show the same property for the
erasure of imprints (see below). When the imprint-free EG cells are
introduced into blastocysts to generate chimaeras, they can cause
developmental anomalies, such as aberrant growth and skeletal
abnormalities28. The initiation of new imprints occurs subsequently
during gametogenesis, and primarily during oogenesis. 

Other forms of genomic modifications probably occur in PGCs,
including restoration of telomeres to their optimum size and DNA
repair generally46. In single-cell organisms such as yeast, these 
functions reside within all cells, but in multicellular organisms, some
of these functions occur either optimally or exclusively in the germ
line. For example, the levels of telomerase are low in somatic cells, and
this contributes to their ageing and senescence. Further work is 
needed to determine the capacity of the mammalian germ line to deal
with DNA damage.

Genomic reprogramming in the zygote
Following imprinting in the germ line, the parental genomes exhibit
epigenetic asymmetry at fertilization. These epigenetic differences
are both maintained and enhanced in the zygote. During 0–5 hours
post fertilization (h.p.f.), parental chromosomes can interact directly
with maternally inherited cytoplasmic factors in the oocyte. There-
after, the pronuclear membrane forms which can regulate access of
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Figure 3 Reprogramming in germ cells.
Primordial germ cells in E9.5 embryos have
the full complement of parental imprints.
Upon the entry of PGCs into the genital ridge
at E10.5–E11.5, extensive epigenetic
modifications commence, perhaps in
response to signalling molecules (purple
arrows) from somatic cells. These epigenetic
modifications include genome-wide
demethylation, reactivation of the inactive X
chromosome and erasure of imprints. By
E13.5, definitive male and female gonads are
formed and the PGCs are devoid of parental
imprints. New sex-specific imprints are
introduced later during gametogenesis, and
are detected in mature sperm and oocytes.
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oocyte cytoplasmic factors to the parental genomes (Fig. 4). During
the initial 0–5 h.p.f., the parental genomes exhibit dramatic 
epigenetic differences. The paternal genome undergoes marked
demethylation while the maternal genome, which contains most of
the methylation marks associated with imprints, undergoes further
de novo methylation11,12,47. Species where imprinting is unknown do
not show such differential methylation of parental genomes during
early development. Demethylation of the paternal genome may be
essential to make it compatible for early activation of the embryonic
genome. Alternatively, demethylation of the paternal genome may
have accompanied evolution of developmental asymmetry between
parental genomes13. 

The oocyte cytoplasm has often been deployed to discriminate
against the paternal genome during the evolution of diverse repro-
ductive strategies and for generating interspecific barriers, which
may have been the case during the evolution of genomic imprinting.
Disruption of imprinting in interspecific mammalian hybrids of the
deermouse, Peromyscus maniculatus, may be due to nuclear–
cytoplasmic incompatibility48. Furthermore, certain oocyte cyto-
plasmic modifiers can induce epigenetic modifications of target loci,
subsequently rendering them inactive by DNA methylation49. Such
incompatibility may also arise with transplantation of the somatic
nucleus into oocytes. The response of a somatic nucleus is likely to be
dictated both by its original state, and by how it reacts to the complex
oocyte cytoplasmic factors.

There are a number of maternally inherited oocyte cytoplasmic
factors with the potential to modify the epigenetic states of parental
genomes and of the transplanted somatic nuclei. One such factor is
the heterochromatin protein HP1, which may interact differentially
with parental genomes, and with somatic nuclei depending on their
existing epigenetic state (ref. 10, and K. Arney, unpublished data).
HP1 can bind methylated histone H3 (meH3) via a chromodomain,
and there is growing evidence indicating that this interaction can lead
to de novo DNA methylation. Such interactions may account for the
differential methylation of parental genomes in the zygote (K. Arney
et al., unpublished data). HP1–meH3 interaction also provides a
mechanism for the inheritance of the newly established epigenetic
states, a mechanism that is apparently widely conserved in many
organisms, including yeast2,3. The histone methyltransferase activity
is intrinsic to the SET domain of Su(var)3-9, a Polycomb Group 

(Pc-G) gene3. This mechanism might also be involved in the 
initiation of parental imprints during oocyte development. 

The oocyte cytoplasm contains several other Pc-G proteins, with
the products of Ezh2 and eed seeming particularly crucial for early
mammalian development10,50. EZH2 and EED, together with YY1
(mammalian homologue of Drosophila pleiohomiotic), form a com-
plex with histone deacetylases (HDACs) 1 and 2 that has the potential
to mediate transcriptional repression51. It is significant that loss of
function of any of the three Pc-G genes results in very early embryon-
ic lethality50,52,53. It is particularly striking that EZH2, EED and YY1
are present in the oocyte cytoplasm and translocate into pronuclei
after fertilization (ref. 10, and S. Erhardt and K. Arney, unpublished
data). EZH2, which also has the conserved SET domain53, may 
potentially be involved in histone methylation. The role of
meH3–HP1 interactions in inducing de novo methylation and as a
heritable epigenetic mechanism has the potential to be important in
pluripotent stem cells and their subsequent differentiation. For
example, the loss of function of Ezh2 is incompatible with the 
derivation of ES cells53, which is particularly remarkable since ES cells
lacking DNA methyltransferases, such as DNMT1, can survive and
proliferate extensively54.

DNMT1, which is also present in the oocyte, is known to be
excluded from entry into pronuclei, which is why demethylation of
the embryonic genome continues throughout pre-implantation
development until the blastocyst stage26,47,55. Genome-wide de novo
methylation occurs later in early post-implantation embryos.
Despite these marked changes in genomic DNA methylation, the
parental imprints are preserved, possibly because of the specific
properties of the DMRs. The transient entry of DNMT1 into the
nuclei at the eight-cell stage seems to help to maintain the imprints55.

Some aspects of transcriptional regulation may be shared
between early embryos and PGCs. It is likely, for example, that Ezh2
has a significant role in transcriptional regulation in the germ line.
There are only two Pc-G genes known in Caenorhabditis elegans; both
are homologues of Ezh and eed, and are critical for transcriptional
repression. Loss of function of either of the two genes results in the
loss of germ cell lineage in worms. Genome-wide demethylation is
also observed in PGCs and in the paternal genome in the zygote11,12,56,
although it is important to note that whereas the imprints are erased
in PGCs, this is not the case during embryonic development.

Reprogramming somatic nuclei in the oocyte
Transplantation of a somatic nucleus into the oocyte has the potential
to restore totipotency to the somatic nucleus57. This transformation
probably involves erasure of the existing epigenetic state and a rever-
sion to an embryonic pattern of gene expression. Both the erasure of
DNA methylation and the initiation of new epigenetic modifications
seem possible, based on studies on the zygote. The imprints have the
potential to survive during reprogramming of somatic nuclei to
totipotency11,12,47,58, but are occasionally erased as well57.

The interactions between oocyte cytoplasmic factors, such as
HP1, and a somatic nucleus will depend in part on the epigenetic
state of the donor nucleus when transplanted into oocytes. A donor
nucleus is usually transplanted into a non-activated oocyte, which
would initially involve direct interactions between the donor chro-
mosomes and the oocyte cytoplasmic factors. Such interactions may
result in both de novo methylation and demethylation of specific loci
of donor nuclei, which may occur stochastically, resulting 
subsequently in aberrant patterns of gene expression and failure of
development. In one recent study, the methylation status of the
donor nucleus at the blastocyst stage was found to be either
unchanged or aberrant compared to the control59. Reprogramming
of the X chromosome can occur, however, as the inactive X 
chromosome can be reactivated in the somatic nucleus, although the
molecular memory of the inactive X chromosome is retained, result-
ing in its preferential inactivation in the trophectoderm60. Although
imprinted genes may be expected to remain largely unaffected during
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Figure 4 Reprogramming in the zygote. Cytoplasm factors stored in the oocyte
commence interactions with parental genomes after fertilization. Between 0 and 5
hours post fertilization (h.p.f.), the parental genomes display marked differences in
epigenetic modifications, with the paternal genome undergoing demethylation and
the maternal genome showing de novo methylation. This accentuates the epigenetic
asymmetry between parental genomes. After the formation of pronuclei at
approximately 6 h.p.f., further epigenetic modifications are regulated by the entry of
cytoplasmic factors into the nuclei. For example, DNMT1 is excluded from entry into
the nuclei. These cytoplasmic factors and others have the potential to modify the
epigenetic state of somatic nuclei transplanted into the oocyte. PB, polar body.
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reprogramming of somatic nuclei to totipotency, there are neverthe-
less some instances where imprints may be erased, which leads to fetal
and placental growth anomalies57. Many other phenotypic anomalies
have been noted after live birth (for example, respiratory 
problems20,61), although it is unclear if this is due to genetic or 
epigenetic anomalies.

Several additional factors influence survival after birth61, includ-
ing the genetic background of the donor nucleus. A variety of somat-
ic cell types of different ages have been examined for cloning efficien-
cy, but this still remains at less than 3% (refs 62, 63). Clearly, the
oocyte cytoplasmic factors are designed primarily to modify the dis-
tinct epigenetic states of parental genomes. A better understanding of
both the mechanism of these epigenetic changes and the selection
and prior modifications of donor nuclei might improve the outcome.

The oocyte-derived components must also contain other 
modifiers of chromatin. In amphibians, at least one chromatin-
remodelling factor, the ATPase ISWI (a member of the SW12/SNF2
superfamily), erases TATA-binding protein from association with the
nuclear matrix of somatic nuclei64. This and other kinds of chromatin-
remodelling activities must occur in mice as well. There are also 
factors, such as OCT4, that could have an essential role in restoring
totipotency, whereas other factors might be required for early 
development until at least the activation of the embryonic genome,
and possibly during pre-implantation development.

Another measure of reprogramming of somatic nuclei is the
potential to restore the telomere size and to overcome senescence65–68.
Although there is some evidence that telomere length is restored in
somatic nuclei after transplantation into oocytes, most DNA muta-
tions in the somatic nucleus cannot be repaired. Although such
mutations may be tolerated in a differentiated cell, they can be lethal
at any stage of early development. This might also contribute to the
low efficiency of development following transplantation of somatic
nuclei into oocytes. It is significant that transplantation of nuclei
from pluripotent ES cells into oocytes results in higher rates of 
development to term69. Development of procedures to select and
modify the epigenetic status of the donor nucleus might improve the
frequency of normal development.

Whereas most attention has focused on how a somatic nucleus
may acquire a totipotent state, it has been largely overlooked that the

nucleus must also be reprogrammed to undergo rapid transdifferen-
tiation to generate the highly specialized trophectoderm cells by the
fourth cleavage division in the mouse. This remarkable example of
genomic plasticity is crucial for the subsequent embryonic develop-
ment. The extraembryonic tissues in mammals are critical as the
source of signalling molecules and must function optimally for 
differentiation of both embryonic somatic cells and for the 
establishment of the germ line.

Are imprints essential for development?
Because imprints and DNA methylation of the somatic nucleus may
affect development, is it possible to obtain normal development if the
asymmetry between parental genomes is removed by complete 
erasure of imprints? Evidence suggests that an imprint-free (and
undermethylated) PGC nucleus transplanted to an oocyte is inca-
pable of development to term, even though PGCs are pluripotent30. A
larger proportion of these reconstituted zygotes do develop to the
blastocyst stage, but the resulting conceptuses fail to progress. In part,
this results from an aberrant placental phenotype, which to some
extent can be attributed to the loss of function of Mash2, a maternally
expressed imprinted gene. Loss of function of other key genes such as
Igf2 occurs with the loss of imprints30. There is clear evidence to show
that the oocyte cannot initiate imprints if they are erased; imprints
can only be initiated in the germ line30.

The ability to derive ES cells from blastocysts after nuclear transfer
can be used as a measure of nuclear reprogramming (Fig. 5). Individ-
ual blastocysts from various somatic cells have been used to derive ES
cells, but the success rate is about 4%, compared to an average of
40–50% from normal blastocysts of the 129/Sv strain70. Derivation of
ES cells is apparently unaffected by the lack of imprints, as these cells
were obtained from blastocysts generated with the imprint-free (and
substantially demethylated) PGC nuclei30. Remarkably, the frequen-
cy of ES cell derivation in this case was close to 100%, perhaps because
PGCs are themselves pluripotent and substantially unmethylated (Y.
Kato and M.A.S., unpublished data). It seems that the ability to
restore overall pluripotency to somatic nuclei is feasible with 
aberrant or complete lack of imprints. Additionally, many specific
mutations may have no effect on reprogramming of somatic nuclei to
pluripotency and the subsequent derivation of ES cells, if they do not
affect early development. The consequences of some genetic and 
epigenetic mutations may become evident only later when these cells
are allowed to undergo differentiation towards specific cell types.

Reprogramming factors in pluripotent stem cells
The distinguishing feature of pluripotent ES or EG cells is that they
exist in a transcriptionally permissive state71. Potentially, this allows
indefinite self-renewal without the imposition of restrictions, at least
until they are permitted to differentiate into diverse cell types. Then,
they undergo progressive restrictions during differentiation, as
occurs during development from the totipotent zygote.

Pluripotent stem cells themselves must possess factors with the
ability to reprogramme somatic nuclei to pluripotency. As mam-
malian oocytes are immensely complex, and small in size and num-
bers, ES and EG cells may provide an alternative system to identify the
critical factors and mechanisms necessary for pluripotency using a
variety of biochemical, genetic and cell biological approaches. Fusion
between pluripotent and somatic cells is the first step towards eluci-
dating the potential of EG and ES cells to modify a somatic nucleus
(Fig. 6). This approach, involving fusion between different cell types,
has been used previously to examine aspects of gene regulation and
genomic plasticity.

Reactivation of the inactive X chromosome occurs when thymo-
cytes are fused with pluripotent embryonal carcinoma cells72. Both
ES and EG cells apparently show dominant activities concerning
reprogramming of somatic nuclei after cell fusion, presumably in
response to trans-acting factors from the pluripotent cells. For exam-
ple, fusion of a somatic nucleus to an ES cell results in reactivation of
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Figure 5 Reprogramming a somatic nucleus. When transplanted into an oocyte, a
somatic nucleus may respond to the cytoplasmic factors and be reprogrammed back
to totipotency. These cytoplasmic factors must be capable of erasing the ‘molecular
memory’ that gives somatic cells their characteristic properties. It would also be
necessary for the reprogrammed nucleus to switch off specific genes that are
expressed by the somatic nucleus and initiate embryo-specific genes at the two-cell
stage in the mouse. The reprogrammed genome generates pluripotent epiblast cells,
and undergoes rapid transdifferentiation to generate trophectoderm cells. The extent
of reprogramming can be judged by the development of the conceptus in vivo, as well
as by the derivation of ES cells from blastocysts. These ES cells can potentially be
induced to differentiate to generate the entire repertoire of adult cell types and germ
cells.
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Oct4 in the somatic nucleus73 (P. Western and M.A.S., unpublished
data). Hence, when thymocytes carrying the Oct4-GFP transgene are
fused with ES cells, the reporter expression was observed in hybrid
cells within 24–48 h (possibly after 1–2 cell divisions), illustrating
that transcriptional reactivation of Oct4 occurs rapidly. As the 
Oct4 gene is methylated in somatic cells, its expression in ES–somatic
cell hybrids is accompanied by demethylation of the promoter
region73. Expression of the Oct4 gene is confined to totipotent and
pluripotent cells40,74, and the expression of Oct4 from the somatic
nucleus is a clear reflection of reprogramming of this somatic 
nucleus. A similar response is observed when other types of 
somatic cells are fused with ES cells.

The dominant activity of an EG cell fused with a somatic cell
results in the induction of similar epigenetic changes in the somatic
cell, together with the restoration of the pluripotent state75. However,
EG cells also have the ability to erase parental imprints, a property
they inherit from their germline precursor cells. This property is
absent in ES cells, oocytes and early embryos. Thus, when fused with
a thymocyte, EG cells induce erasure of parental imprints from the
somatic nucleus. Furthermore, a silent imprinted allele of the Mest
gene is reactivated after demethylation75. Other changes to the
somatic nucleus include repression of the thymocyte-specific 
transcript Thy-1.2 and reactivation of the inactive X chromosome.
The hybrid cells also exhibit pluripotency when introduced into 
blastocysts73,75. The ability of ES and EG cells to reprogramme a
somatic nucleus therefore reflects the properties inherited from their
precursor cells, the epiblast and germ cells, respectively. 

Perspective
Germ cells, stem cells and early embryos all exhibit pluripotency, but
each cell type also displays certain unique properties. It is essential to
identify the precise nature of the pluripotent state shared by these dif-
ferent cell types, including how it is attained and propagated and
which genes confer pluripotency. At the same time, it is imperative to
elucidate the mechanisms by which the epigenetic states are changed,

so resulting in profound effects on cell potency. Alterations to 
epigenetic modifications allow a switch in patterns of gene 
expression, which are central to genomic plasticity and transdifferen-
tiation. While emphasizing the intrinsic nature of the switch, 
environmental factors also play a fundamental role in vivo, and 
the impact of these factors on epigenetic modifications must be
determined. Many of the advances in understanding the intrinsic
mechanisms by which embryonic cell fate is determined during
development will prove informative for manipulating cell fates. The
immense potential of stem cells will rely on understanding many of
the critical mechanisms that regulate the appropriate selection of
genes available in all cells. nn
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