
Received 4 December 2001
Accepted 4 January 2002

Published online 28 March 2002

From teratocarcinomas to embryonic stem cells
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The recent derivation of human embryonic stem (ES) cell lines, together with results suggesting an unex-
pected degree of plasticity in later, seemingly more restricted, stem cells (so-called adult stem cells), have
combined to focus attention on new opportunities for regenerative medicine, as well as for understanding
basic aspects of embryonic development and diseases such as cancer. Many of the ideas that are now
discussed have a long history and much has been underpinned by the earlier studies of teratocarcinomas,
and their embryonal carcinoma (EC) stem cells, which present a malignant surrogate for the normal stem
cells of the early embryo. Nevertheless, although the potential of EC and ES cells to differentiate into a
wide range of tissues is now well attested, little is understood of the key regulatory mechanisms that
control their differentiation. Apart from the intrinsic biological interest in elucidating these mechanisms,
a clear understanding of the molecular process involved will be essential if the clinical potential of these
cells is to be realized. The recent observations of stem-cell plasticity suggest that perhaps our current
concepts about the operation of cell regulatory pathways are inadequate, and that new approaches for
analysing complex regulatory networks will be essential.
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1. INTRODUCTION

The present � urry of interest in stem cells and their poten-
tial for ‘regenerative’ medicine has arisen from the con-
� uence of several streams of biological thought and
investigation. The � rst is the notion of stem cells them-
selves, which evolved among biologists considering the
regeneration of tissues that are necessarily replaced
throughout adult life, most obviously the blood, the lining
of the gut and the skin. It was proposed that the replace-
ment of these complex tissues, comprising many different
cell types, depends upon the existence of small popu-
lations of undifferentiated cells, ‘stem cells’, that not only
proliferate to replace themselves inde� nitely (‘self-
renewal’), but also differentiate into daughter cells with a
limited proliferative capacity. These so-called ‘transit
amplifying’ cells are committed to differentiate further to
a restricted range of terminal cell types responsible for the
principal functions of such tissues (Lajtha 1979; Potten &
Lajtha 1982). Such terminally differentiated cells typically
lose their capacity for further proliferation.

This type of tissue architecture may very well have a
selective advantage in minimizing the susceptibility of an
organism to cancer, which is almost certainly the result of
the accumulation of mutations that affect both cell pro-
liferation and differentiation. It was pointed out by Pierce
(1974) that many cancers seem to be caricatures of their
tissue of origin, with a malignant stem cell similar to the
stem cell of the healthy tissue, as well as a variety of cells
at progressive stages of differentiation. He proposed that
malignancy is a consequence of a failure to regulate the
balance between proliferation and differentiation,
resulting in the accumulation of cells at earlier stages of
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the differentiation pathways. Where the issue has been
analysed in detail, notably in the haematological malig-
nancies, possibly only few cells within a tumour mass, the
so-called ‘clonogenic cells’, are capable of transferring a
malignancy to a new host (Greaves 1982). Cairns (1975)
pointed out that it is mutations occurring in the stem-cell
population that are most likely to become ‘� xed’ in a
tissue and cause long-term damage because mutations in
transit amplifying and terminally differentiated cells would
normally be lost as the tissue turned over. He suggested
that there would then be a selective advantage for an
organism to maintain only small stem populations to min-
imize the target for mutagenesis, and hence carcinogen-
esis.

Many tissues that generally appear quiescent also turn
over slowly (e.g. bone), or may proliferate or regenerate
in response to physiological cues (mammary tissue in
pregnancy) or injury (liver). Presumably these, too, retain
stem cells, or cells that are capable of conversion into stem
cells. But it has now become evident that tissues not pre-
viously thought capable of regeneration, notably the ner-
vous system, also harbour stem-cell populations (Temple
2001). However, the results that have caused general sur-
prise come from a series of experiments, by different
groups working on different organ systems, suggesting that
stem cells from one tissue, hitherto thought committed to
the lineages of that tissue, can give rise to distinct cell
types of embryologically unrelated tissues under some cir-
cumstances. Thus, evidence has been presented for neural
stem cells giving rise to blood cells (Bjornson et al. 1999)
and to muscle (Galli et al. 2000), haematopoietic stem
cells giving rise to neurons (Brazelton et al. 2000; Mezey
et al. 2000), muscle (Goodell et al. 2001) and liver (Alison
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et al. 2000; Peterson et al. 1999; Lagasse et al. 2000), mus-
cle stem cells giving rise to blood cells (Jackson et al. 1999;
Seale et al. 2001), and mesenchymal stem cells from bone
giving rise to a wide variety of tissues (Pittenger et al.
1999). Perhaps the most striking observation was that
neural stem cells transferred to a blastocyst could contrib-
ute to tissues belonging to all three germ layers (Clarke et
al. 2000).

Many questions still remain about these observations of
apparent stem-cell plasticity; only in a few cases have the
experiments been conducted with clonal, well-charac-
terized stem cells—a necessity if one is to conclude that a
particular stem cell is able to give rise to several distinct
cell types. In any case, if we take the results at face value,
are we observing a normal physiological function of stem
cells, or are we seeing the consequences of rare switches
in their differentiative capacity or potency? In the latter
case, is this because of the exposure of the cells to environ-
ments that they do not normally see—an issue of the dif-
ference between what cells ‘can do’—‘prospective
potency’—and what they normally do when undis-
turbed—‘prospective fate’ (Weiss 1939). Or are the
changes in their patterns of differentiation due to rare
events involving intrinsic changes to the patterns of gene
activity that regulate the determined state of a cell?
Regardless of the answers to these questions, the obser-
vations have nevertheless raised the prospect of clinically
using stem cells from adult tissues in cell replacement
therapies designed to repair or replace tissues damaged by
accident or disease.

The second stream of work contributing to the current
debate is one that began with a long-standing fascination
with a peculiar type of tumour, the teratomas, and has
culminated in the derivation of stable, pluripotent human
embryonic stem (ES) cell lines in culture. Teratomas
present a haphazard array of cell differentiation that
appears to recapitulate many of the events that occur dur-
ing early embryonic development but in a disorganized
manner (Damjanov 1993; Dixon & Moore 1952;
Mosto� & Price 1973). They have intrigued clinicians and
biologists for many hundreds of years; excellent sum-
maries of the history of this interest are provided by
Damjanov & Solter (1974) and Wheeler (1983). The
experimental study of teratomas began with the discovery
by Stevens & Little (1954) that they occur spontaneously
in the testes of about 1% of male mice of the 129 strain,
or that they can be induced by transplanting the genital
ridges of embryos from strain 129 mice, and a few other
strains, to the testes of adult mice (Stevens 1964,
1970a,b). Some of these tumours were evidently malig-
nant and could be re-transplanted to successive hosts.
Such ‘teratocarcinomas’, as the re-transplantable, malig-
nant tumours were known, contained a relatively undiffer-
entiated cell type known as an ‘embryonal carcinoma’
(EC) cell, long suspected as the stem cell of the tumour.
This stem-cell character of EC cells was con� rmed by Kle-
insmith & Pierce (1964), who showed that single EC cells
transferred to a new host could reform a complex terato-
carcinoma that could again be re-transplanted to another
host. A long series of experiments through the 1960s and
1970s, seeking to characterize these EC cells and their
relationship to embryonic cells, culminated with the iso-
lation, in 1981, of pluripotent cells from very early mouse
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embryos (Evans & Kaufman 1981; Martin 1981) and
eventually, in 1998, from human embryos (Thomson et
al. 1998). These ‘normal’ embryo-derived cells became
known as ES cells. In fact, the term ‘stem cell’ was rarely
used previously by embryologists (e.g. Wilson 1896) and
it then generally referred to precursor cells within the
developing embryo. Such cells usually exist only trans-
iently, and their self-renewal is normally limited, unlike
‘stem cells’ in the adult. Although ES cell lines in culture
do meet the criteria used in the context of ‘adult stem
cells’ of inde� nite self-renewal together with a capacity for
differentiation, the embryonic cells of the late inner cell
mass (ICM), to which they correspond, generally disap-
pear from the developing embryo by the time of gastru-
lation. However, it is intriguing to speculate that a number
of childhood cancers may arise because of the abnormal
persistence of ‘stem cells’ present during embryogenesis.

The third stream of relevant research encompasses the
work of those who sought � rst to determine whether ter-
minal differentiation of cells during embryogenesis results
from the loss of genes, or whether altered regulation with-
out a signi� cant change in the complement of genes
present in a cell could be responsible. Following earlier
studies of Briggs & King (1952), Gurdon (1962) showed
that, in Xenopus laevis, nuclear transfer from differentiated
somatic cells to enucleated oocytes supported embryonic
development, indicating that the nuclei of differentiated
cells in amphibians contain a full genetic complement.
These experiments incidentally demonstrated an approach
for producing ‘clones’ of genetically identical individuals.
For many years it seemed that this might not be possible
in the case in mammals (McGrath & Solter 1984), and
de� nitive evidence that mammalian ‘cloning’ by nuclear
transfer from somatic cells is possible was not acquired
until experiments with sheep embryos led to the birth of
‘Dolly’, born following the transfer of a nucleus from a
mammary cell of an adult sheep to an enucleated oocyte
(Campbell et al. 1996; ilmut et al. 1997). That observation
was quickly followed by � nding that ‘cloning’ is also poss-
ible in mice (Wakayama et al. 1998), cows (Cibelli et al.
1998) and pigs (Onishi et al. 2000). It is a short step to
imagine that this would also be possible in humans, if any-
one chose to take this step.

The idea of using such nuclear transfer techniques for
so-called ‘reproductive cloning’ in humans is an anathema
to most scientists, not least because the process is both
inef� cient and subject to serious errors so that most ani-
mals developing by this route have proved to be defective.
However, it rapidly occurred to several people that
embryo cloning by this route, coupled with the ability to
derive ES cells from very early embryos at the blastocyst
stage, could allow the development of almost any differen-
tiated cell type that would be genetically identical to a pro-
spective patient, who could then receive such cells in
tissue replacement therapies (essentially autografts), the
so-called ‘therapeutic cloning’ approach. As a proof of
concept, Munsie et al. (2000) have isolated murine ES
cells from blastocysts derived by somatic nuclear trans-
plantation. The derivation of human embryos following
somatic nuclear transfer to an enucleated oocyte has also
been reported, though subsequent development arrested
prior to blastocyst formation at the six-cell stage (Cibelli
et al. 2001). So far, no one has described the derivation
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of human ES cells from such embryos. Whether it will
ever prove a practicable proposition to derive cells tailored
for speci� c patients, instead of � nding other ways for
defeating the immune system to permit allografts from
established, non-autologous ES lines, is a moot point.

Thus, the current excitement about the potential of
stem-cell biology for regenerative medicine arises in part
from the identi� cation and culture of various types of stem
cells, whether from embryos or adults, and in part from
results indicating that adult stem-cell plasticity or embryo
cloning by somatic cell nuclear transplantation may be
realistic approaches for providing autologous tissues for
grafting to evade problems of immunological incompati-
bility. Nevertheless, it is arguable that, despite consider-
able progress in the biology of stem cells from various
adult tissues, ES cells from the early embryo are perhaps
the best understood. Clear identi� cation of the various
adult stem cells has often been elusive; some, notably
haematopoietic stem cells, cannot be easily cultured and
expanded in vitro, while others require continual re-iso-
lation as inde� nite culture in vitro does not seem possible.
By contrast, ES cells from mice and humans have been
cloned (Amit et al. 2000), in the sense that it has been
shown that single identi� able cells can give rise to a variety
of distinct cell types by differentiation, they can be cul-
tured and expanded in vitro, apparently inde� nitely, with-
out loss of potency, and they could, in principle, be used
to generate all tissues of the body. These features mean
that it should be possible establish an inexhaustible supply
of well-characterized cells for clinical use—an important
issue for ensuring safe protocols. It is also important to
recognize that ES cells, and their malignant EC cell
counterparts, provide invaluable tools for analysing cell
differentiation throughout embryogenesis, which also has
implications for understanding diseases such as cancer. In
turn, ES cells may also provide keys for understanding the
biology of ‘adult stem cells’.

2. THE BIOLOGY OF TERATOCARCINOMAS

Teratomas are generally benign tumours that occur
most commonly in the ovary, where they are also known
as benign ovarian cysts (� gure 1a). These arise from
oocytes that have undergone parthenogenetic activation,
begun development and then become disorganized to
form a mass of embryonic tissue (Stevens & Varnum
1974). Teratomas are also found, though more rarely, in
other sites, including the base of the spine in newborn
infants.

Similar tumours occur in the testis, but in this case they
are generally highly malignant and consequently known as
teratocarcinomas (Dixon & Moore 1952; Mosto� & Price
1973). These form a subgroup of the germ-cell tumours
(GCTs) that account for almost all testicular cancers. Tes-
ticular GCTs, which appear to arise from abnormal gono-
cytes within the seminiferous tubules (� gure 1b)
(Skakkebaek 1972) are rare, but have a peak incidence in
young post-pubertal men making them the most common
malignancy in this age group (Møller 1993). Furthermore,
their incidence has increased dramatically over the past
50 years. The uncommonly young age of GCT patients
contributes to their medical signi� cance but, fortunately,
GCT are amongst the most treatable cancers since the
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advent of cis-platinum-based therapy in the 1970s
(Einhorn 1987; Stoter 1987).

GCTs are typically divided into seminomas and non-
seminomas (Damjanov 1990, 1993). Seminomas consist
of cells that resemble primordial germ cells; they do not
occur in mice. In contrast, non-seminomas are histologi-
cally heterogeneous and frequently contain somatic tissues
such as nerve, bone, muscle, etc.; sometimes they contain
structures, embryoid bodies, in which these cells are
organized to resemble closely an early embryo (� gure
1c,d). These tumours also contain histologically undiffer-
entiated elements composed of EC cells, the key malig-
nant pluripotent stem cell of these tumours. The term
teratocarcinoma is generally used for tumours containing
both EC and teratoma components.

In 1954, Stevens & Little reported that males of the
129 strain develop spontaneous testicular teratomas and
teratocarcinomas that can be observed as incipient
tumours, forming structures described as embryoid bodies
within the seminiferous tubules of the developing gonad,
as early as 13 days of embryonic development (Stevens
1964). Stevens also showed that these tumours can be
induced experimentally in strain 129 mice and a limited
range of other strains by explanting genital ridges of
foetuses, between 11 and 13.5 days of development, to
ectopic sites (Stevens & Hummel 1957; Stevens 1967a,
1970a). These results suggested that the origins of tera-
tomas were from primordial germ cells as, in the mouse
embryo, these migrate into the genital ridge at 11 days
(Bendel-Stenzel et al. 1998). The upper limit of 13 days
implies some further changes in the germ cells, which
could be associated with their entering mitotic arrest soon
after their arrival in the genital ridge. Con� rmation of the
germ-cell origin of the spontaneous and experimental tes-
ticular teratomas came from studies of mice homozygous
for the Steel (Sl ) mutation (Stevens 1967b). Viable Sl/Sl
homozygotes are infertile as the primordial germ cells do
not survive migration. Stevens found that the genital ridges
from homozygous Sl/Sl 129 mice did not yield teratomas.

Although, testicular teratomas can only be induced in
a limited number of strains, teratomas can also be formed
from many strains of mice by the transplantation of rather
earlier embryos, at the egg cylinder stage (about 7 days of
development) to ectopic sites (Solter et al. 1970, 1979,
1981). As in the spontaneous ovarian tumours derived
from parthenogenotes, these embryos become disor-
ganized and form teratomas or teratocarcinomas,
depending upon the host strain into which the embryo is
transplanted and, interestingly, not upon the genotype of
the embryo itself. Curiously, the range of mouse strains
from which teratomas and teratocarcinomas can be
derived by this route, and so from which EC cell lines can
be established, is considerably greater than the range of
strains from which ES cells have been derived by blasto-
cyst culture, or teratocarcinomas from genital ridges,
whether spontaneously or by transplantation. These
results raise the question of what is the cell of origin of
the EC cells derived from egg cylinder explants—presum-
ably they are neither ICM/epiblast cells nor primordial
germ cells. A further curiosity is that, apart from the spon-
taneous human tumours, it has not proved possible to
derive teratocarcinomas routinely by such techniques in
other species, though in the rat the yolk sac can give rise
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Figure 1. Examples of ovarian and testicular teratocarcinomas. (a) A mature human teratoma, or dermoid cyst of the ovary,
showing hair and a tooth. (b) Carcinoma in situ: the pre-invasive phase of human testicular teratocarcinomas in which
abnormal gonocytes � ll the seminiferous tubules of the testis. (c) An embryoid body within a human testicular
teratocarcinoma. (d) A well-differentiated mouse teratocarcinoma. Note extensive differentiation including keratin pearls and
cartilage.

to a teratoma after the fetus is surgically removed (Sobis
et al. 1993). These rat tumours are not re-transplantable
and the isolation of a rat EC, or indeed ES, cell line has
proved elusive.

3. EMBRYONAL CARCINOMA CELL LINES

Further study of the biology of mouse EC cells awaited
the derivation of EC cell lines established in culture, which
was � rst reported by Finch & Ephrussi (1967) and
Kahn & Ephrussi (1970). Subsequently, several groups
established murine EC cell lines throughout the 1970s
(Bernstine et al. 1973; Jakob et al. 1973; Evans 1972;
Martin & Evans 1974, 1975; Nicolas et al. 1975). Many
of these lines remained pluripotent and, although they
could be maintained as undifferentiated EC cells under
certain culture conditions, they retained the ability to form
teratocarcinomas when transplanted back into an appro-
priate mouse host. Many of the pluripotent lines would
also differentiate in culture, but the circumstances varied
between lines: some EC cell lines remained undifferen-
tiated if kept proliferating in subcon� uent cultures, but
differentiated spontaneously to yield a variety of cell types,
including nerve and muscle, if maintained in con� uent
cultures for several days (Nicolas et al. 1975). Other pluri-
potent EC lines required culture on feeder layers of trans-
formed mouse � broblasts to prevent differentiation
(Martin & Evans 1974, 1975). In this case, differentiation
could be induced by removing the EC cells from the
feeder cells, and particularly if the cells were grown in sus-
pension when they aggregated to form structures known
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as embryoid bodies with an inner core of EC cells sur-
rounded by a layer of cells resembling the visceral endo-
derm of an early mouse conceptus. Gradually these
embryoid bodies became histologically complex and a
wide variety of differentiated cells would grow out when
they plated on a substrate that permitted attachment.

The uncontrolled nature of spontaneous differentiation
of EC cells, although dramatic, made study of the underly-
ing processes dif� cult. The discovery by Strickland &
Mahadavi (1978), that an apparently nullipotent EC cell
line, F9, could be induced to differentiate by exposure to
retinoic acid, proved a signi� cant advance. After exposure
to both retinoic acid and cAMP these F9 EC cells gener-
ated cells that closely resemble parietal endoderm
(Strickland et al. 1980). Subsequently, it was found that
if F9 cells are allowed to form clusters in suspension in
the presence of retinoic acid, they form embryoid bodies
in which the outer layer of cells resembles visceral endo-
derm, while the inner cells retained an EC phenotype
(Hogan et al. 1983). Thus, apparently F9 cells can be
switched between differentiating into visceral or parietal
endoderm depending upon external cues. It was later
shown that retinoic acid, as well as other agents, notably
dimethylsulphoxide (DMSO) and hexamethylene bisacet-
amide (HMBA), could also induce the differentiation of
a number of mouse EC cell lines (Jakob et al. 1978;
McBurney et al. 1982). In particular, at least in the case
of the P19 EC cell line, retinoic acid tended to induce
neurectodermal differentiation, whereas DMSO induced
mesoderm differentiation and the appearance of cardiac
muscle (Jones-Villeneuve et al. 1982).
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4. RELATIONSHIP TO THE EARLY EMBRYO

During the 1970s, it was found that murine EC cells
express various features that are typical of cells of the ICM
and primitive ectoderm of the early conceptus (Artzt et al.
1973; Jacob 1978). Following the line of reasoning that
EC cells are a malignant equivalent of those embryonic
cell types, EC cells from tumours were transplanted
into blastocysts that were then re-implanted into the
uterus of pseudo-pregnant female mice (Brinster 1974;
Papaioannou et al. 1975; Mintz & Illmensee 1975). Under
these conditions, the EC cells, which would typically form
teratomas if transplanted to ectopic sites of an adult
mouse, often appear to become normalized under the
in� uence of the blastocyst and to participate in embryonic
development giving rise to a range of normal tissues in the
chimeric mice that subsequently develop.

In rare cases, it was reported that the germ cells of such
chimeric mice also derived from the transplanted EC cells,
but these observations have not been con� rmed. Despite
early indications to the contrary, it appears that many EC
cells when transplanted into blastocysts do give rise to
teratomas in the developing mice, so that their tumour
characteristics are not completely suppressed by the host
embryo. The latter result is, perhaps, not surprising as EC
cells have generally adapted over many generations to
growth either in culture or as a tumour in a host mouse.
Because their differentiated derivatives usually have a lim-
ited lifespan and are non-malignant, one can easily
imagine that the accumulation of mutations that inhibit
differentiation would provide the EC cells with a selective
advantage. When mouse EC cells are fused with somatic
cells, notably thymocytes from adult mice, the resulting
hybrid cells often exhibit the general features of EC cells
(Miller & Ruddle 1976; McBurney 1977; Rousset et al.
1980; Gmür et al. 1980). However, in several cases, it has
been noted that these hybrid EC cells show a greater
capacity for differentiation than their EC parents
(Andrews & Goodfellow 1980; Rousset et al. 1983). The
simplest explanation for these observations is that the nor-
mal genome of the somatic cell introduces genes that are
capable of complementing accumulated EC cell mutations
that have tended to inhibit their ability to differentiate.

The recognition that EC cells are the malignant
counterparts of embryonic ICM cells eventually resulted
in the experiments of Evans & Kaufman (1981) and
Martin (1981), who showed that it is possible to derive
permanent lines of cells directly from mouse blastocysts,
which closely resemble the EC cells derived from tera-
tomas. They termed these cells ES cells. The normal cells
to which these lines are thought to be equivalent, namely
the cells of the late ICM, do not normally persist for any
great length of time. The apparent ability of ES cells to
grow inde� nitely and exhibit an immortal characteristic,
i.e. to present classical ‘stem-cell features’, seems to be a
consequence of their removal from the embryo and main-
tenance in tissue culture. A further development, stimu-
lated by the origins of testicular teratocarcinomas from
primordial germ cells, was the � nding that when such pri-
mordial germ cells are cultured in vitro they convert to
cells, called embryonic germ (EG) cells, that closely
resemble EC and ES cells (Matsui et al. 1992; Resnick et
al. 1992).
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5. HUMAN EC AND ES CELL LINES

Human teratocarcinoma cell lines were � rst isolated in
the 1950s as xenografts in hamster cheek pouches (Pierce
et al. 1957). Several lines were subsequently established in
vitro during the 1970s, notably TERA1, TERA2 (Fogh &
Trempe 1975) and SuSa (Hogan et al. 1977). Many of
these human lines showed little capacity for differen-
tiation, but they provided the basis for the identi� cation
of a number of characteristic features of human EC cells.
Eventually, several human EC cell lines capable of differ-
entiation were obtained, including: GCT27 (Pera et al.
1989; Roach et al. 1993, 1994; Pera & Herszfeld 1998),
NCCIT (Teshima et al. 1988; Damjanov et al. 1993) and
NCG.R3 (Hata et al. 1989; Umezawa et al. 1996) and,
ironically, TERA2 (Andrews et al. 1984b), one of the old-
est extant human teratocarcinoma cell lines. The pluripot-
ent character of TERA2, and indeed its identity as an EC
cell line, was overlooked for some time (e.g. see Andrews
et al. 1980) because the speci� c culture conditions
required to maintain pluripotent, undifferentiated human
EC cells were not fully appreciated. Thus, in contrast to
many mouse EC lines, it is necessary to maintain human
EC cells at high cell densities, and it is generally best to
passage TERA2 by scraping rather than by using trypsin
to harvest the cells—retaining the cells in small clumps,
which would be disrupted by trypsinization, seems to
inhibit spontaneous differentiation. The widely used
clonal subline of TERA2, NTERA2 cl.D1 (NT2/D1), was
re-isolated after passage of a well-differentiated culture of
TERA2 as a xenograft tumour in a nude mouse, which
appeared to ‘rescue’ persisting EC cells within the culture
(Andrews et al. 1984b).

Human and mouse EC cells differ signi� cantly from one
another, although they share some common features. For
example, their morphology and growth patterns are simi-
lar, as both tend to grow in clusters of tightly packed cells
with relatively little cytoplasm and prominent nucleoli.
Also, both express high levels of alkaline phosphatase
(Bernstine et al. 1973; Benham et al. 1981). However, the
differences include a distinct pattern of surface antigen
expression, as well as a propensity for human but not
murine EC cells to differentiate into trophectoderm
(Andrews et al. 1980, 1982, 1984b, 1996; Damjanov &
Andrews 1983). The speci� c features of murine EC cells
that differ from human EC cells, notably their expression
of the lactoseries glycolipid antigen, stage-speci� c embry-
onic antigen 1 (SSEA1) (Kannagi et al. 1982; Gooi et al.
1981; Solter & Knowles 1978), their lack of expression of
two globoseries glycolipid antigens, SSEA3 (Shevinsky et
al. 1982) and SSEA4 (Kannagi et al. 1983), and their lack
of ability to differentiate into trophectoderm, are all shared
with murine ES cells, consistent with the idea that they
resemble embryonic cells of the ICM and primitive ecto-
derm: although SSEA3 and SSEA4 are expressed by
cleavage stage mouse embryos, the ICM lacks these anti-
gens, but expresses SSEA1. Further, the ICM cells soon
lose the capacity for trophectodermal differentiation.
Thus, without the existence of human ES lines and with-
out direct information from human embryos, the differ-
ences between human and mouse EC cells made the
relationship of human EC cells to the early human
embryo uncertain.
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Figure 2. A comparison of the morphology of a human ES
cell line, H7, provided by Dr James Thomson, and two
human EC cell lines: NTERA2, capable of extensive
differentiation (Andrews et al. 1984b), and 2102Ep, capable
of only limited differentiation (Andrews et al. 1982). Note
the tightly packed cells with little cytoplasm, pale nuclei and
prominent nucleoli.

Logistical problems, as well as legal and ethical ones,
delayed the derivation of ES cell lines from human
embryos. However, rhesus monkey ES cell lines were � rst
reported in 1995 (Thomson et al. 1995) and marmoset
ES lines in 1996 (Thomson et al. 1996). These primate
ES cells more closely resemble human EC cells than
murine EC and ES cells. Eventually the derivation of
human ES cell lines was reported by Thomson et al.
(1998) and Reubinoff et al. (2000). These human ES cells
also resemble the rhesus monkey ES cells and human EC
cells (� gure 2) rather than the murine cells—they are able
to differentiate into trophoblast and are SSEA3(1 ),
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SSEA4(1 ), SSEA1(2 ). Also like human EC cells, but not
those of the mouse, they express class 1 MHC antigens
and Thy1 (Draper et al. 2002). Conversely, human ES
cells do resemble the mouse cells in their expression of
alkaline phosphatase and the stem-cell-speci� c transcrip-
tion factor, Oct4 (Yeom et al. 1996). Recently, we have
con� rmed that indeed the ICM of human blastocysts
resembles human EC and ES cells in several of these fea-
tures (Henderson et al. 2002), notably the expression of
SSEA3 and SSEA4, the lack of SSEA1 and also the
expression of two human cell-surface, keratan sulphate-
related antigens, TRA-1-60 and TRA-1-81, which were
previously de� ned on human EC cells (Andrews et al.
1984a; Badcock et al. 1999). Thus, there do appear to be
signi� cant differences in the biology of early embryonic
cells of human and mouse embryos.

The precise signi� cance of these differences remains to
be resolved, especially as the function of the surface anti-
gen markers, mostly involving carbohydrate epitopes, is
unknown. Nevertheless, the regulation of these molecules
is subject to tight control during differentiation; SSEA1
has been suggested to mediate compaction in mouse
embryos (Bird & Kimber 1984; Fenderson et al. 1984),
and a role for SSEA3 and SSEA4 in embryo pathology
has been suggested (Tippet et al. 1986). SSEA3 and
SSEA4 belong to the P-blood-group system and are
expressed on red cells, except in individuals with the pp
or pk phenotypes. Women with these latter phenotypes are
reported to be susceptible to recurrent early spontaneous
abortions (Race & Sanger 1975); the expression of SSEA3
and SSEA4 by early embryonic cells suggests that these
could be the target for a proposed immune response to
the early embryos in such women. However, regardless of
the functional signi� cance of these particular differences
between mouse and human embryos, the results show that
lessons from the mouse cannot necessarily be extrapolated
to human embryogenesis. They also suggest that human
EC cells remain a useful complement of human ES cells
for exploring the mechanisms that regulate human devel-
opment; while ES cells are ‘genetically normal’ and differ-
entiate into a wide range of cell types, EC cells are easier
to grow and exhibit a simpli� ed pattern that can be ana-
lysed more easily.

Human EG cells have also been described but, although
pluripotent, they seem to differ from human EC and ES
cells with respect to various surface antigen markers
(Shamblott et al. 1998). However, the signi� cance of these
differences remains to be resolved.

6. DIFFERENTIATION OF HUMAN EC AND ES
CELLS

Although EC cells are the stem cells of teratocarcin-
omas, a striking feature of many human EC cell lines is
their lack of ability to differentiate into well-recognizable
cell types. This might, in part, re� ect their origins in
tumours, as the acquisition of an inability to differentiate
could provide a strong selective advantage. Human EC
cells are highly aneuploid and it is easy to envisage that
genetic changes might occur to inhibit their differen-
tiation. Indeed, cell-hybrid studies with both mouse and
human EC cells support this idea and suggest that a loss
of pluripotency results from the loss of key gene functions
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(Andrews & Goodfellow 1980; Duran et al. 2001). Never-
theless, several human EC cell lines can differentiate well
and have been studied extensively. One line, GCT27,
requires maintenance on feeder layers and differentiates
into a wide range of cell types when removed from the
feeders (Pera et al. 1989). Another human EC cell line,
TERA2 and its NTERA2 sublines, does not require feed-
ers and differentiates extensively, but in distinct direc-
tions, in response to retinoic acid (Andrews 1984),
HMBA (Andrews et al. 1990) and the bone morphogen-
etic proteins (BMPs) (Andrews et al. 1994).

Apart from forming well-differentiated teratomas when
grown as xenografts in nude mice, TERA2 and NTERA2
cells rapidly lose their EC phenotype and differentiate into
a wide array of cell types, including neurons, after
exposure to 10 2 5 or 102 6 M retinoic acid (Andrews 1984).
This differentiation is marked by a switch in glycolipid
synthesis from globoseries to lactoseries and ganglioseries
structures (Fenderson et al. 1987), and can conveniently
be followed by the loss of antigens, such as SSEA3 and
SSEA4, as well as TRA-1-60 and TRA-1-81, and the
acquisition of antigens, such as SSEA1, A2B5 (ganglioside
GT3) and ME311 (ganglioside 9-O-acetyl GD3). There
are also substantial changes in gene activity, most notably
activation of the HOX genes in a retinoic acid concen-
tration-dependent manner (Simeone et al. 1990), and the
appearance of susceptibility to infection and replication of
human cytomegalovirus (Gönczöl et al. 1984) and human
immunode� ciency virus (Hirka et al. 1991), neither of
which will grow in the undifferentiated EC cells.

As differentiation progresses, neural markers become
evident, and neurons that express neuro� lament proteins
and a typically neuronal morphology appear (� gure 3a)
after one to two weeks (Andrews 1984; Lee & Andrews
1986). The pattern of expression of genes related to the
early stages of neural differentiation during embryonic
development—nestin in mitotic neural precursors and
NeuroD in post-mitotic neuroblasts—seems to be fol-
lowed by differentiating NTERA2 cells (Przyborski et al.
2000; Pleasure et al. 1992; Pleasure & Lee 1993). Further-
more, the terminal neurons are functional and express
tetrodotoxin-sensitive sodium channels (Rendt et al.
1989), glutamate receptors and voltage-gated calcium
channels (Squires et al. 1996). Several studies have
recently been conducted of their potential for implanting
into the central nervous system, initially in experimental
rats in which NTERA2-derived neurons will apparently
integrate functionally to correct neural defects, such as
those resulting from stroke (Borlongan et al. 1998; Hurle-
bert et al. 1999; Kleppner et al. 1995; Philips et al. 1999).
Experiments to implant these EC-cell-derived neurons
into human stroke patients have also been reported
(Kondziolka et al. 2000). The tumour origins of these neu-
rons provokes some disquiet about safety, and whether
their implantation will provide bene� ts to patients remains
to be seen. Nevertheless, the experiments pave the way
for future studies using neurons derived from genetically
normal ES cells.

When differentiation of NTERA2 EC cells is induced
by HMBA or BMP7, distinct differences from retinoic-
acid-induced differentiation are seen (Andrews et al. 1990,
1994). Thus, ganglioside antigens are only expressed late,
on a small proportion of cells, and few neurons are evi-
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dent. The identity of many of the cells induced by HMBA
and BMP has not been clearly de� ned, although smooth
muscle actin was particularly noted after BMP induction.
One idea we have considered is that NTERA2 differen-
tiates predominantly in an ectodermal direction but that,
depending upon the conditions, this can take a more ‘dor-
sal’ (predominantly neural) or ‘ventral’ (epidermal)
character. By this notion, retinoic acid may favour a more
dorsal pattern of differentiation, whereas HMBA and
BMP may promote a more ventral pattern.

Not surprisingly, the embryo-derived human ES cells
exhibit a considerably greater potential for differentiation.
When grown in immunode� cient mice, these cells form
well-differentiated teratomas with well-organized tissues
representing all three germ layers (Thomson et al. 1998).
When grown in vitro, as for mouse ES cells, the human
ES cells require maintenance on feeder layers to prevent
differentiation, but the cytokine LIF, which is able to pre-
vent the differentiation of mouse ES cells in the absence
of feeders, is apparently not able to do so for human ES
cells. Conversely, it has been reported that conditioned
medium from � broblasts will inhibit differentiation of cells
grown on Matrigel (Xu et al. 2001).

Many studies of differentiation in human ES cell cul-
tures have focused upon allowing the cells � rst to form
‘embryoid bodies’ by culture in suspension; after a period
of suspension culture, a variety of differentiated cells can
be detected in the resulting cell clusters, which will grow
out when allowed to attach. Under these conditions, neu-
rons, glia, skeletal and cardiac muscle, liver and even insu-
lin-secreting islet cells have been reported (Assady et al.
2001; Kaufman et al. 2001; Kehat et al. 2001; Itskovitz-
Eldor et al. 2000; Odorico et al. 2001; Pera 2001;
Schuldiner et al. 2000).

Differentiation also occurs in attached cultures, either
spontaneously, or by induction with agents such as reti-
noic acid. Even when maintained on feeders, colonies of
clearly non-ES cells can often be seen, and gene
expression indicative of extra-embryonic cell types
(e.g. chorionic-gonadotropin-indicating trophoblast and
a-fetoprotein-indicating yolk sac) can be detected in the
SSEA3(2 ) presumptive non-ES cells isolated by ‘� uor-
escence-activated cell sorting’ from such cultures
(Henderson et al. 2002). These spontaneous differentiated
derivatives can present a problem to continued mainte-
nance of the ES lines if they are allowed proliferate, and
culture techniques need to be adapted to remove them
during passaging.

Retinoic acid, HMBA and DMSO also induce differen-
tiation of attached cultures, whether in the presence or
absence of feeders (Draper et al. 2002). Many of the
changes seen during the differentiation of human EC cells
induced by these agents are also seen in the human ES
cultures. For example, all the typical EC/ES marker anti-
gens, SSEA3, SSEA4, TRA-1–60, TRA-1-81, etc. are
downregulated. Also, neural differentiation is common
(� gure 3b). However, although the induction of some of
the antigens that appear during EC differentiation is seen,
there are many differences in the patterns of antigens
observed, probably because the ES cells are capable of a
much wider range of differentiation.

Although it is clear that human ES cells are capable of
extensive differentiation, as in the mouse, and although
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Figure 3. (a) Neurons differentiating from NTERA2 human
EC cells induced with retinoic acid, and (b) a low-power
view of an extended network of neurons in a culture of
human ES cells (H7), also induced with retinoic acid. Both
are stained with an antibody to the 200 kDa neuro� lament
protein.

various protocols are being developed to favour particular
lineages of differentiation, we currently know very little of
the mechanisms that regulate their decision to differentiate
in the � rst place, or that regulate which lineages are fol-
lowed once differentiation is initiated. Answers to these
fundamental questions could provide valuable insights
into a wide range of issues pertinent to human health,
from the causes of abnormal embryonic development and
the formation of birth defects, to understanding the
relationships between cell proliferation and differentiation
that underlie the development of cancer. Such answers are
also crucial if ES cells are to realize their promise of pro-
viding tissues for transplantation and ‘regenerative’ medi-
cine. Thus, ef� cient maintenance of ES cells suitable for
use in human patients will demand culture conditions that
minimize not only spontaneous, unwanted differentiation,
but also the use of animal products, whether feeder cells,
serum or growth supplements, which could introduce
adventitious pathogens. Equally, although a wide range of
differentiation is easy to obtain, particular cell types often
only constitute a small proportion of a differentiated cul-
ture. Ef� ciency of production, apart from the need to
avoid contamination with unwanted cell types that may
be deleterious, demands that culture techniques are
developed to promote differentiation in only speci� c
directions.

Although murine EC and ES cells were originally
derived with approaches to addressing such questions in
mind, most of the use of mouse ES cell technology over
the past 20 years has been directed towards production of
transgenic mice, and not for answering questions of funda-
mental cell biology pertinent to ES cells per se. Neverthe-
less, some studies of the mechanisms that regulate mouse
ES cell differentiation have been carried out. Most notable
are studies that have highlighted the crucial role of speci� c
discrete levels of Oct4 expression for the maintenance of
an undifferentiated phenotype (Niwa et al. 2000). Thus,
if the level of Oct4 expression in mouse ES cells is reduced,
differentiation into trophectoderm ensues, whereas if
levels are raised, differentiation to extra-embryonic endo-
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derm is promoted. Furthermore, the maintenance of an
undifferentiated phenotype depends upon activation of the
STAT3 signalling pathway and inhibition of the
MAPK/ERK pathway, following interaction of LIF with
its receptor (Niwa et al. 1998; Burdon et al. 1999; Boeuf
et al. 1997). However, as LIF does not appear to in� uence
the behaviour of human ES cells (Thomson et al. 1998;
Reubinoff et al. 2000), it remains uncertain to what extent
these lessons will apply to human ES cells. It is possible
that the STAT3 and MAPK pathways could be regulated
by other receptor ligand systems; alternatively, other sig-
nalling pathways, yet to be identi� ed, might perform simi-
lar functions in humans.

7. CONCLUDING THOUGHTS

A common notion that has prevailed in developmental
biology for many years is one of cell differentiation during
embryogenesis proceeding through a series of successive
binary decisions by which cells adopt alternative pheno-
types. Thus, embryogenesis is commonly seen in terms
of cells following branching pathways of differentiation.
Waddington (1956, 1966) has described such a process
as ‘canalization’, envisaging cells moving ‘downhill’
through a series of valleys making up the ‘epigenetic land-
scape’ (� gure 4a). A further notion that is often linked to
this concept, although by no means essential, is that the
process of differentiation is unidirectional and, in normal
circumstances, irreversible. The branching pathways are
seen as representing successive commitment of cells pro-
gressively to restricted options of eventual cell fate.

While the idea of ‘de-differentiation’, implying reversal
of speci� c steps of differentiation, has often been dis-
cussed, particularly in the context of tumour biology, it
has not found general favour. In the case of cancers that
appear, for example, to express so-called ‘oncofetal’ pro-
teins, it may be more appropriate to consider that it is the
stem cells of speci� c tissues that are the target for carcino-
genesis, and that it is their overgrowth that gives the
appearance of reversion, or ‘de-differentiation’ (Pierce
1974). However, the recent reports of stem cells from dif-
ferent adult tissue, displaying quite unexpected plasticity
and apparent lack of speci� c commitment, suggests that
perhaps the concepts of unidirectional, irreversible differ-
entiation along distinct cell lineages should be revised.
Indeed, ‘trans-differentiation’, as in metaplasia, is well
known to pathologists, while ‘trans-determination’ of
imaginal disc cells in Drosophila was described many years
ago by Hadorn (1968).

When considering the factors that regulate cell behav-
iour, whether commitment and determination, or differ-
entiation, attention commonly focuses on individual
signalling pathways by which cells respond to external
cues, e.g. growth factors, the extracellular matrix, or inter-
actions with other cells. To keep the analysis simple, such
signalling pathways within a cell are often considered in
isolation, and are also considered as simple switches—
either ‘on’ or ‘off’. However, any molecules within a sig-
nalling pathway will obey the normal chemical laws affect-
ing reaction rates and equilibria. The activity of particular
regulatory molecules will be in� uenced by the overall state
of all the other regulatory and metabolic reactions taking
place within the cell. Thus, the various signalling and
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Figure 4. The ‘epigenetic landscape’: (a) a diagram
reproduced from a drawing by C. H. Waddington
(Waddington 1966) to illustrate his concept of ‘canalization’.
The image of a ball rolling downhill and selecting between
different valleys represents the selection of different lineages
by embryonic cells as they differentiate; if something were to
push the ball up the side of a valley, it would nevertheless
tend to return to the valley bottom, effectively a
representation of regulation within the developing embryo.
(b) A modi� cation of the idea of Waddington: in this image
the ‘landscape’ includes a series of depressions or hollows,
which may nevertheless be arranged in valleys. The hollows
would represent lowest free energy states, i.e. stable states,
of the regulatory/metabolic network that makes up a cell.
Movement of a cell from one state to another
(differentiation) would tend to be from a stable state of
higher free energy to one of lower free energy: the likelihood
of such a transition would depend upon the height of the
surrounding terrain—low barriers, say between successive
hollows in a given valley, would permit a high frequency, or
probability, of transition, whereas high barriers, say between
neighbouring valleys, would permit transitions only
infrequently. Thus, the height of the ground represents
something akin to activation energy.

regulatory pathways, as well as the metabolic pathways of
a cell, make up a complex, dynamic network in which vari-
ous ‘stable states’ or equilibria would probably exist.
These stable states, which would correspond to free
energy minima for the network, would represent the vari-
ous differentiated states that a cell could adopt. Under this
view, it may be appropriate to modify the ‘valleys’ envis-
aged in Waddington’s epigenetic landscape to a series of
depressions (� gure 4b), possibly still linked in ‘valley sys-
tems’, that would represent the commonly observed differ-
entiation pathways. The height of the terrain would
represent the free energy of the regulatory/metabolic net-
work that constitutes the cells. Therefore the probability
of a cell moving from one state to another would depend
upon the heights of the hills surrounding the hollows and
valleys. Cells � nding themselves on the ‘uplands’ of
‘unstable’ or ‘transition’ states would tend to move to the
nearest ‘stable’ state. In such a model, normally observed
lineages represent transitions for which there is the highest
probability of movement, hence the appearance of irre-
versibility. However, reversion, or de-differentiation, is
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entirely possible, although the probability may be low, as
would movements from one set of hollows within one val-
ley system to another valley system—trans-differentiation
or trans-determination.

Waddington (1962) has indeed discussed the concept of
stable states for cells and referred to mathematical models
developed by Goodwin (1961). Slack (1991) has also dis-
cussed a similar idea. Perhaps a substantial challenge from
the recent observations of stem-cell plasticity will be to
develop a more detailed understanding of the chemistry
underlying the complex network of signalling and meta-
bolic pathways within a cell, to provide a more solid basis
for such a concept of ‘stable states’ as opposed to � xed
cell lineages. Certainly, considerable work lies ahead to
understand the molecular mechanisms that regulate stem-
cell differentiation, before their full potential for regener-
ative medicine can be realized.
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