
The initial zygote of multicellular animals 
proliferates and differentiates into all the 
cell lineages of the embryo, fetus and adult. 
Experimental embryology has shown that the 
early mouse embryo is highly regulative, and 
so at early stages of development there must 
be cells that have the potential to differentiate 
into a wide range of descendants. What  
is not necessarily self-evident is that pro
liferating, self-maintaining populations of 
pluripotent cells would exist. Evidence for the 
existence of such pluripotent stem cells comes 
from studies with mouse teratocarcinomas  
— transplantable, progressively growing tum
ours that maintain a wide variety of diversely 
differentiated tissues within the tumour.

In this article I shall concentrate on the 
ways in which the ideas and experiments came 
together to develop the concept that pluri-
potent cells from mouse teratocarcinomas 

were essentially normal early embryonic 
cells and, following from this, that these cells 
might be isolated directly into tissue culture 
from early embryos. From these beginnings 
has come the practical realization of a form 
of completely experimental mammalian 
genetics and the flowering of ideas of stem 
cell developmental biology. In many ways 
this is a personal account of the flow of 
ideas. There are many details left unsaid, and 
I am not providing full bibliographies nor 
acknowledgements; these may be obtained 
from other reviews.

EC cells in mice
In 1967, LeRoy Stevens and Barry Pierce 
both published reviews that summarized 
and discussed all of the foundation work of 
the teratocarcinoma experimental system1,2 
(TIMELINE). Stevens, who was a geneticist and 

developmental biologist, reviewed his work 
in which he had established inbred strains of 
mice with a high incidence of spontaneous 
testicular teratocarcinomas. He had shown 
that these tumours were transplantable, and 
demonstrated their origin from primordial 
germ cells in fetal testes. He also showed that 
teratocarcinomas could be experimentally 
induced by the ectopic transplantation both 
of geminal ridges containing these primordial 
germ cells and of early embryos; that is, by 
the transplantation of sources of pluripotent 
cells. Prophetically, Stevens and Little, in their 
1954 paper3, set the field by saying of ovarian 
teratomas:“Pluripotential embryonic cells 
appear to give rise to both rapidly differentiat-
ing cells and others which like themselves, 
remain undifferentiated.” (BOX 1). This is the 
definition of an embryonic stem (ES) cell.

Pierce, who was a pathologist, was princi
pally interested in the contrast between the 
malignant growth of tumour stem cells and 
the benign behaviour of their differentiated 
derivatives. He and his colleagues carried 
out a long series of experimental studies, 
including demonstrating that cells from 
the tumours could grow in tissue culture. 
Their single most important demonstration, 
however, was that transplantation of a single 
cell in vivo could result in a teratocarcinoma 
containing a range of differentiated tissues4. 
This unequivocally established the presence 
of pluripotent tumour stem cells. These cells 
were named embryonal carcinoma (EC) 
cells, following the human nomenclature.

EC cells in culture
The studies above clearly demonstrated 
an attractive opportunity for the isolation, 
from the tumour into cell culture, of 
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Abstract | Embryonic stem (ES) cells are pluripotent cells isolated from an early 
embryo and grown as a cell line in tissue culture. Their discovery came from the 
conjunction of studies in human pathology, mouse genetics, early mouse embryo 
development, cell surface immunology and tissue culture. ES cells provided a 
crucial tool for manipulating mouse embryos to study mouse genetics, 
development and physiology. They have not only revolutionized experimental 
mammalian genetics but, with the advent of equivalent human ES cells, have now 
opened new vistas for regenerative medicine.

Timeline | Highlights in the history of the isolation of pluripotent cells from mice

Pierce and Dixon convert a mouse 
teratocarcinoma to an ascites form with 
embryoid bodies that can be passaged47.

Stevens and Little report 
spontaneous testicular 
teratomas in an inbred 
strain of mice3.

Pierce and Verney observe 
the differentiation of 
embryoid bodies in 
explant culture48.

Stevens and Pierce publish 
reviews that summarize and 
discuss the foundation work 
of the teratocarcinoma 
experimental system1,2.

Ephrussi6, Sato5 and their colleagues publish studies 
reporting the establishment of clonal tissue cultures of 
embryonal carcinoma (EC) cells derived from embryoid 
bodies. These cultured EC cells form teratocarcinomas 
when injected into mice, but their capacity to differentiate 
declines on in vitro passage.

Artzt et al. find an immune response 
to EC cells in syngeneic mice18.

Pierce and Kleinsmith clone 
transplantable teratocarcinomas 
from single cells isolated from 
embryoid bodies4.

Gardner shows that mouse 
chimeras can be obtained by 
injecting isolated inner cell 
mass cells into the blastocyst49.

Evans establishes clonal lines 
from well-differentiated solid 
teratocarcinomas. These lines 
can still differentiate following 
prolonged passage in culture7.  

Brinster publishes the first 
report that EC cells transferred 
to a blastocyst can participate 
in embryonic development15.

1954	 1959	 1961	 1964	 1967	 1968	 1970	 1972	 1973	 1974	 1975	 1981	 1984	 1985	 1987	 2007
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a developmental system in which the 
differentiation of pluripotent cells might 
be studied.

Establishing EC cell cultures. In contrast to 
the small-scale, inaccessible mammalian 
embryo, cell culture could promise a tracta-
ble, scalable and manipulable experimental 
system. Two eminent cell biologists, Gordon 
Sato and Boris Ephrussi, both engaged 
Ph.D. students to explore the possibilities 
of cell culture. In 1970, these studies culmi-
nated in two publications5,6; both were able 
to isolate mass cultures of cells from embry-
oid bodies (see below), to maintain them 
and to establish clonal cultures. Clonality is 
very important because, if and when differ
entiation was observed, it was essential 
to know that the process was taking place 
entirely in vitro and that it was not the result 
of pre-committed cell populations. The test 
for the maintenance of pluripotent cells in 
culture is to show that a clonal population 
can form a teratocarcinoma when reinjected 
into a mouse and that this tumour shows 
evidence of differentiation into multiple 
tissues. Early cultures showed maintenance 
of pluripotency, but the tumours only con-
tained small areas of differentiation, and, 
on passage, the differentiation ability of 
these cultured cells diminished severely. 
The cultures themselves had originally been 
established from tumour lines that had 
been extensively passaged in vivo, and it 
was already understood that differentiation 
ability diminished with prolonged passage.

In May 1969, Stevens very generously 
sent me stocks of the 129 inbred mouse 
strain (some mice carrying transplantable 
teratocarcinomas), which he had derived by 

the ectopic transplantation of early embryos. 
The histology of these transplantable terato
carcinomas showed them to be composed 
largely of well-differentiated tissues. Indeed, 
they were so well differentiated that it was 
difficult to find the stem cells of the tumour 
— the EC cells — in the histology sec-
tions. To facilitate cloning these into tissue 
culture I made the fortuitous choice to use 
irradiated chick fibroblasts as a feeder layer, 

and was immediately successful in isolating 
clones of small, piling, rapidly growing cells, 
from which I was able to establish mass cul-
tures. Upon reinjection to a subcutaneous 
site in the 129 inbred mice, these cultures, 
and their clonal descendants, gave rise to 
well-differentiated teratocarcinomas7. 

Once the cultures were well established, 
the addition of the irradiated chick fibro-
blast feeder cells was discontinued. It was 

Timeline | Highlights in the history of the isolation of pluripotent cells from mice

Mintz and Illmensee produce normal chimaeric mice from 
EC cells isolated from the cores of in vivo-passaged 
embryoid bodies injected into the blastocyst17.

Bradley, Evans, Kaufman and Robertson report 
that germline chimeras can be formed from 
ES cells33.

Hprt is the first specifically chosen gene alteration transferred to the mouse 
germline. It is selected in culture both from spontaneous mutation38 and 
after retroviral vector insertional mutagenesis34.

Gene targeting by homologous recombination in ES cells is demonstrated52.

Martin and Evans describe the extensive differentiation of EC cell lines in vitro and 
observe that the route is via the formation of embryoid bodies, a process similar to the 
early events of differentiation in the mouse embryo9.

Papaioannou et al. show 
extensive chimerism in normal 
mice following injection of EC 
cells from tissue culture into the 
blastocyst16.

Nicolas et al. report in vitro 
differentiation of an EC cell line10.

(1975–1980) The homology of EC cells with the early embryo is slowly becoming clearer.

1954	 1959	 1961	 1964	 1967	 1968	 1970	 1972	 1973	 1974	 1975	 1981	 1984	 1985	 1987	 2007

Evans suggests the possibility that teratocarcinomas 
are formed from normal cells13.

(1985–1986) Genes are introduced into ES cells and transmitted 
to chimeras and to the next generation of mice35,50,51.

Germ line chimerism from 
induced pluripotent stem 
cells is shown53.

Evans concludes that “it still appears possible that pluripotential embryonic 
cells might be obtainable in culture directly from the embryo.” (REF. 30)

 Evans and Kaufman demonstrate that pluripotent cells can be isolated directly from early embryos and that they behave 
similarly to EC cells isolated from teratocarcinomas31. Later in the year Gail Martin recovers teratocarcinoma-forming 
pluripotent cell cultures and coins the term embryonic stem (ES) cell32.

Box 1 | Isolating pluripotent mouse cells: key quotes from historical papers

Stevens and Little, 1954: “We seem to be faced with a paradoxical situation in which neoplastic cells 
differentiate into normal-type tissue cells. Pluripotent embryonic cells appear to give rise to both 
rapidly differentiating cells and others which, like themselves, remain undifferentiated.” (REF. 3)

Pierce and Dixon, 1959: “The mechanism of this differentiation is not known, but it is presumed to 
be analogous to morphogenesis of embryos, and we feel that future studies in this area must 
include application of the techniques and the theories of abnormal embryology.” (REF. 47)

Evans, 1972: “The possibility, therefore, of obtaining a strain of cells in tissue culture which may 
become determined to differentiate in a variety of alternative ways is very attractive.” (REF. 7)

Papaioannou et al., 1975:“We have obtained unequivocal normal chimaeras following the 
[blastocyst] injection of pluripotential cells of two different lines.” (REF. 16)

Martin and Evans, 1975: “There are similarities between the process of embryoid body formation 
and the early events of differentiation of the mouse embryo.” (REF. 9)

Evans, 1981: “Malignant teratocarcinoma stem cells spontaneously differentiate into benign cell 
types and normal embryos, or primordial germ cells, are able to initiate teratocarcinoma formation 
at a relatively high frequency. Is it reasonable to regard this process as a malignant transformation, 
and cellular differentiation as a spontaneous reversion from malignancy? One alternative ….  
the teratocarcinoma stem cell is essentially a cell showing a completely normal embryonic 
phenotype.” (REF. 13)

Evans and Kaufman, 1981:“We have demonstrated here that it is possible to isolate pluripotential 
cells directly from early embryos and that they behave in a manner equivalent to EC cells isolated 
from teratocarcinomas.” (REF. 31)

Bradley et al., 1984: “Clearly, embryo-derived stem cells seem to be particularly efficient at 
recolonizing the early embryo. This feature, together with the availability of XY lines such as those 
described here, now allows the routine construction of chimaeric males which are capable of 
transmitting culture-derived genomes to a potentially limitless number of offspring, and confirms 
our previous contention of the normality of the genome in these stem cell lines.” (REF. 33)
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clear, however, that they were still mixed 
cultures of small, actively growing clump-
forming cells (C cells) and of other flatten-
ing, more epithelioid cells termed E cells; 
this formed a balanced culture system. The 
E cells were contact inhibited and stopped 
growing on confluence, but the C cell colo-
nies continued to grow. Thus, at passage 
there were ten times or more C cells than 
E cells, but on re-plating the C cells were 
severely diminished. Re-cloning by dilu-
tion did little to resolve this issue of a mixed 
culture. Both cell types had a near-normal 
karyotype, although the E cells rapidly 
became aneuploid when cloned out of the 
mixture. It was hypothesized (retrospec-
tively, probably correctly) that the E cells 
were derived by differentiation from the 
C cells. But, this wasn’t a simple transition; 
essentially the C cells could survive only in 
mixed cultures8.

Differentiating EC cells in culture. Gail 
Martin resolved to explore whether E cells 
were derived by the differentiation of C cells 
by using, for the feeder layer, an inactivated 
3T3‑like cell line that was negative for 
hypoxanthine-guanine phosphoribosyl-
transferase (HPRT; also known as HGPRT) 
(known as STO cells). By doing so, she was 
able to distinguish the wild-type teratoma-
derived cells from the feeder cells by their 
incorporation of radiolabelled hypo
xanthine. She also verified the cloning by 
manually isolating single cells. In this way 
she obtained pure populations of C cells, the 
EC cells maintained by passage onto new 
feeder layers. When the feeder cells were 
removed, the culture stopped growing well, 
and there was extensive cell death; after a 
crisis and upon refeeding, however, layers of 
differentiated cells appeared. Most dramati-
cally, these included spontaneously beating 
cardiac myocytes and long nerve processes9. 
A similar observation was reported by  
Jean-François Nicolas and colleagues10. 
At the same time, we observed that isolated 
colonies of EC cells, originally established 
on feeder layers, became differentiated 
when they were re-fed in situ so that the 
feeder cells died off. This second tech-
nique, which did not involve extensive cell 
death, led to magnificent differentiation; 
histological sections of the cultures showed 
tissue organization not dissimilar to that 
found in well-differentiated teratomas11.

Studying EC cells in culture
Clearly the mechanisms by which differen-
tiation was initiated were now open to direct 
observation in tissue culture.

Differentiation occurs through an embryo-
like route. A major breakthrough in our 
understanding of EC cell differentiation  
was the observation that, in the differenti-
ating mass cultures, recognizable ‘simple’ 
embryoid bodies were formed. Embryoid 
bodies had been recognized previously as 
the form in which teratocarcinomas could 
grow as an ascites. They had been observed 
in two forms: as simple embryoid bodies, 
comprising a core of EC cells surrounded  
by a shell of primary extra-embryonic endo-
dermal cells; and in a cystic form, which 
contained a more complex mixture of  
early embryonic cell types. The primary 
extra-embryonic endoderm cells secrete 
a hypertrophied basement membrane 
(Reichert’s membrane), which separates 
them from the inner EC cells.

EC cell cultures from tumour cell lines 
that, over prolonged passage, have become 
incapable of differentiation (nullipotent) 
are unable to form embryoid bodies. Some 
EC cultures that give rise to relatively poorly 
differentiating tumours on reinjection into 
mice and do not differentiate extensively 
in vitro can form only simple embryoid 
bodies. The embryoid bodies formed by 
normal, well-differentiating EC cell cultures 
progress to form cystic embryoid bodies 
in vitro. Thus, the first step of differentiation 
of EC cells is into primary extra-embryonic 
endoderm. The differentiation seen in the 
mass cultures is the result of the formation 
of embryoid bodies and the subsequent 
reattachment to the tissue culture surface. 
Extremely good differentiation may be 
obtained by deliberately forming simple 
embryoid bodies and then allowing them 
to reattach to the plastic surface. The first-
appearing differentiated cell types seen 
during the differentiation of attached colo-
nies were also invariably extra-embryonic 
endoderm.

Richard Gardner brought us the infor-
mation, concomitantly shown by Janet 
Rossant12, that an isolated inner cell mass 
(ICM) from a mouse blastocyst formed a 
complete outer layer of extra-embryonic 
endoderm. This revealed that the first steps 
of differentiation of EC cells were exactly 
the same as those undertaken by the  
ICM of a normal mouse embryo (FIG. 1). 
This was the basis of a very important 
insight (see below).

Are EC cells normal early embryo cells? 
Until these insights were obtained, EC cells, 
which had been derived from malignant 
tumours (highly malignant in the case 
of the human testicular tumours), were 

considered to be grossly abnormal cells 
that could become entrained into more 
normal behaviour by going through the 
process of differentiation (as the differenti-
ated cells were non-malignant). We now 
saw that the EC cells were behaving as 
normal early embryonic cells; the onset of 
differentiation was not random, stochas-
tic or malignant, but followed the normal 
pathways of development. This was part of 
the beginning of the realization that these 
cells, which had hitherto been regarded 
as abnormal cancer cells with the peculiar 
property of being able to differentiate, were 
essentially early embryonic cells out of 
context13. The realization that EC cells are 
homologous to normal early embryonic 
cells was also reached through findings 
from experimental embryological studies 
of early mouse development, the use of cell 
surface antibody markers of cell lineage and, 
dramatically, the finding that EC cells could 
incorporate into a mouse blastocyst and 
take part in the development of the whole 
animal as a chimera.

EC cells can make chimaeric mice. The 
establishment of restrictions of cell fate and 
of cell lineages in the early mouse embryo 
was being actively explored in the early 
1970s and gave us insights into the exist-
ence of a population of cells in the ICM that 
had the potential to form the entire animal. 
One central experimental platform was the 
ability to form chimaeric embryos by trans-
ferring cells isolated from the ICM into the 
blastocoel cavity of a carrier embryo. An 
excellent retrospective review is provided by 
Richard Gardner14, with whom I initiated 
such experiments with cultured EC cells. 
The previous year, in 1974, Ralph Brinster15 
had reported evidence that EC cells isolated 
from embryoid bodies in vivo might be able 
to colonize a mouse embryo, but he had 
very low chimerism and little in the way 
of definitive markers. We obtained some 
magnificent heavily chimaeric mice, most 
tissues of which proved to have substantial 
contributions from the injected tissue-
cultured EC cells16. Beatrice Mintz and 
Karl Illmensee17 also reported good normal 
chimeras from EC cells taken from the cores 
of embryoid bodies cultured in vivo. Some 
chimaeric mice bore teratocarcinomas at 
birth and others developed tumours of a 
differentiated cell type later in life. None of 
the chimaeric mice made with cell culture 
lines proved to be germline chimaeric, 
but this was not surprising, as the EC cells 
(after tumour and culture passage) were not 
karyotypically normal.
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Markers of EC cell lineage. Sometime in early 
1973, Salvador Luria visited my laboratory, 
bringing the news that work in the Pasteur 
laboratory had found that it was possible 
to raise an immune reaction to EC cells in 
syngeneic mice18. These studies had used 
F9, a strain of EC cells that showed little 
or no differentiation. Luria proposed that 
we immunize our mice with our strain of 
EC cells, which showed extensive differ
entiation in vivo. This might change the 
differentiation seen in vivo and allow an 
immune dissection of the pathways of dif-
ferentiation. Mice immunized with irradiated 
EC cells did indeed produce sera that reacted 
strongly against the EC cell surface, but upon 
challenge with live EC cells, these mice read-
ily produced well-differentiated tumours that 
were identical to those observed in control 
animals. Although the original hypothesis 
was unproductive, the antiserum (which we 
termed anti-C) obtained from the syngeneic 
immunized mice proved to be a very valuable 
reagent. It was an immunoglobulin M (IgM) 
and could be used as a cell surface immuno-
fluorescent labelling reagent. The syngeneic 
anti‑F9 antiserum was mainly used in assays 

using adsorbtion followed by immunocytox-
icity, and hence it could not be used to study 
the very limited number of cells available 
in early embryos. Davor Solter and Barbara 
Knowles19 used a mouse immunized with 
F9 cells to prepare a monoclonal antibody 
with reactivity equivalent to the anti-C and 
anti-F9. This antibody, called stage-specific 
embryonic antigen 1 (SSEA1), has sub
sequently proved to be a very useful reagent 
and was eventually shown to be specific for 
an epitope of the cell surface carbohydrate 
glycohalix20. Furthermore, Ten Feizi and col-
leagues21 had characterized a series of human 
naturally occurring monoclonal autoanti-
bodies, the I and i series, and Peter Stern and 
colleagues22,23 introduced anti-THY1 and 
Forssman antigens. The main message from 
these studies was that EC cells have a cell sur-
face phenotype that matches early embryonic 
cells as well as germ cells24. In the embryo,  
the cell surface phenotype of EC cells matches 
ICM cells and early embryonic ectoderm.

ES cells. The homology of EC cells with 
early embryonic cells was becoming clear 
by 1975 and, in the following years, both 

biochemical and, in particular, cell-surface 
antigenic markers continued to confirm 
this23,25–29. By the early 1980s I was able to 
suggest that teratocarcinomas are formed 
from normal cells13 and also, in reviewing 
the situation, conclude that it was extremely 
likely that it would become possible to cul-
ture pluripotent cells directly from embryos, 
without an intervening tumour stage30.

In 1981 we reported the establishment of 
such cells in culture. Matt Kaufman and I31 
showed that it was possible to isolate pluri-
potent cell cultures directly from delayed 
blastocysts. These cultures proved to have 
all the properties previously established 
for EC cell cultures, as well as a completely 
normal karyotype. Later that year Gail 
Martin32 reported a technique that used 
conditioned medium and enabled her to 
recovered teratocarcinoma-forming pluri-
potent cell cultures. She coined the term 
ES cells.

ES cells and genetic manipulation
Because of all the antecedent work with 
the culture of mouse EC cells, the expected 
properties of directly isolated mouse 

Figure 1 | Similarity between the differentiation of the embryo inner 
cell mass and a cluster of EC cells. a | A layer of cells delaminates from 
the inner cell mass (ICM) of the blastocyst. As the descendants of these 
cells will contribute only to the extra-embryonic tissues, they are termed 
the primitive extra-embryonic endoderm. Perhaps a better terminology 
borrowed from the chick embryo would be ‘hypoblast’. These cells migrate 
around the inside of the trophectoderm, where they make a hypertrophied 
basement membrane known as Reichert’s membrane. These cells are the 
extra-embryonic parietal endoderm. Other cells from the lineage of 
the hypoblast will form part of the yolk sac; these are secretory and make 

large amounts of α-fetoprotein (the extra-embryonic visceral endoderm). 
An ICM isolated from a blastocyst initially forms primitive endoderm all 
over the surface12. Extra-embryonic  endoderm of all types (primitive, 
visceral and parietal) is found in embryoid bodies made from embryonal 
carcinoma (EC) cells, highlighting the similarity of EC cell differentiation to 
that of cells of the ICM. b | Image of EC cells in culture. c | Image of an 
embryoid body. d | Immunofluorescent detection of  α-fetoprotein (green) 
in the visceral endoderm of an embryoid body. e | Electron micrograph of 
the edge of an embryoid body. Image in part e is reproduced, with 
permission, from REF. 9.
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pluripotent stem cells were well under-
stood and characterized. These were all 
rapidly verified, including, importantly, 
the ability of ES cells to make chimeras 
in the context of a carrier mouse embryo. 
Liz Robertson, Allan Bradley and col-
leagues33–35 showed that chimeras made 
with karyotypically normal ES cell lines 
chimerized not only the soma but also 
the germline of the resulting mice, hence 
giving a route to genetic manipulation 
from culture to creature.

During normal early development there 
may be no more than a couple of dozen 
ES cells, and they are constrained in the 
normal time course of development and 
present for only a short time. By contrast, 
many millions of ES cells may be main-
tained in tissue culture indefinitely, with all 
of them retaining their pluripotency. This 
means that clones bearing a rare genetic 
change may be identified and used to 
pass that change into the mouse germline, 
and hence the mouse genome. These 

cells are therefore a vector to a form of 
experimental mammalian genetics36.

There are essentially two approaches  
for obtaining specific mutations in ES cells:  
random mutagenesis and selection or 
screening; and targeted mutagenesis.

Random mutagenesis and selection or 
screening. ES cells in culture are amenable 
to most forms of mutagenesis, so the 
screen is pivotal. In the late 1980s, when 
we were first able to use ES cells to transfer 
a mutation from culture to the mouse 
germline, sequence information for the 
mouse genome was very limited, and many 
loci were unidentified. When a mutation 
is being induced randomly into as-yet-
unidentified loci, it is useful to ensure 
that these are marked, and for this reason 
methods of insertional mutagenesis have 
tended to be favoured. Retroviral vectors 
were our vehicle of choice because of their 
efficient transfection and clean integration, 
leading to a readily identifiable mutation37.

With the notable exception of Hprt34,38, 
an interesting mutation was not readily 
selected in vitro, and so screening of 
the resultant progeny after intercross-
ing was required. This was a lengthy 
process that did, however, result in the 
identification of some interesting loci, for 
example Nodal39,40. The random inser-
tional mutagenesis approach was greatly 
strengthened by the introduction of gene 
trapping, achieved by transfection of 
ES cells using vectors with reporters that 
would be transcribed only when inte-
grated into a suitable site in the genome 
(reviewed in REF.  41). This allowed a screen 
not only of mutagenic effects (most usu-
ally in homozygote offsping), but also of 
developmental and tissue-specific expres-
sion in vitro, in the immediate chimera 
and the heterozygote offspring. Integration 
using a retroviral vector has the apparent 
disadvantage that the trapping construct 
is surrounded by long terminal repeats. 
However, the internal promoter and 
enhancer may be removed, and the inter
ference of the retroviral splice acceptor 
may be obviated by using a splice accep-
tor as the trapping element that is placed 
in reverse orientation42. This brought the 
advantages of retroviral transfection to 
insertional mutation gene trapping.

Gene targeting by homologous recom-
bination. The alternative approach of 
generating specific mutations in ES cells 
is directed mutagenesis, a method that 
was pioneered by both Oliver Smithies43 

Box 2 | Fountain of eternal youth?

Unlike most differentiated cell types, embryonic stem (ES) cells under appropriate tissue culture 
conditions will proliferate indefinitely and remain normal with an uncompromized karyotype. 
There is no senescence or shortening of telomeres, and they maintain their pluripotency. They can 
also give rise to all cell lineages. Now, with the advent of human ES cells, this raises the possibility 
that such stem cells might be the perfect source for differentiation into specific progenitors for 
regenerative medicine tissue repair — if they were available for all patients and if appropriate 
protocols for their differentiation were available.

The problem of sourcing histocompatible cells for transplant had been approached by the idea  
of banks of embryo-derived cells, which would provide an acceptable degree of tissue match for 
use as allogeneic grafts for most patients, but the generation of induced pluripotent (iPS) stem cells 
changes this (see the figure; dashed lines indicate possible routes of differentiation; routes 
indicated by solid lines are taken). Human pluripotent cells may now be derived in tissue culture 
not only from the use of limited and ethically challenged human embryos, but from the virtually 
unlimited source of donated adult cells. The possibility of using large and well-chosen banks of 
cultures as an allogeneic resource remains. They could be pre-prepared, well characterized and 
validated. For most purposes, however, autologous treatment with cells derived from the individual 
patient would seem to be ultimately the best treatment. Is this technically and logistically feasible? 
It may not be feasible for immediate treatment of acute conditions when time is of the essence; 
however, many of the targets considered for regenerative medicine by cell transplantation are 
chronic conditions, in which speed is less important than long-term effectiveness and lack of side 
effects. In such cases, autologous therapy is the ideal.

How will the appropriate therapeutic tissue-specific precursors be isolated? In vitro cell 
differentiation may be enhanced or channelled by specific growth conditions and the addition of 
induction factors to a culture from which the desired population may be purified. Alternatively, 
direct artificial manipulation of cell fate may be possible by, for instance, exogenously introduced 
transcription factors. This is a technology in its infancy.
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and Mario Capecchi44. They showed that 
a DNA construct containing substantial 
homology with a chromosomal sequence 
could recombine into the endogenous 
sequence at relatively high efficiency 
when introduced into cells in tissue cul-
ture. With the advent of full knowledge of 
the mouse genome, this method of gene 
targeting by homologous recombination 
has become the choice for gene inactiva-
tion. Even when a specific point mutation 
or random point mutagenesis limited to a 
particular locus is desired, it is more effec-
tive to recurrently target a marked locus 
with mutagenized vector than hitting the 
whole genome45.

Homologous recombination works well 
with ES cells and it is limited only by the 
need to culture the cells in conditions in 
which they retain their full pluripotency 
and ability to form mice with chimaeric 
germlines. The design of the targeting 
vector and the screening method to find 
correctly targeted clones are the main 
considerations. In addition to simple muta-
tions, methods have been developed that 
allow both spatial and temporal control 
of gene deletion or function (reviewed 
in REF. 46). All these studies depend on 
the combination of in vitro cell genetic 
manipulation and selection, coupled with 
true in vivo observation of the physio
logical consequences in the context of the 
whole animal. This has been made possi
ble through the culture of ES cells. It is 
important to note that virtually any desired 
designer change may be made by using the 
technique of homologous recombination 
gene targeting, ranging from single point 
mutations to large chromosomal altera-
tions. All of these techniques are applied 
to mice, and this has provided the experi-
mental genetic approach to mammalian 
genetics, illuminating our understanding 
of the human genome data.

Conclusion
Pluripotent cells have established at least 
two platforms for research: an in vitro 
system of cell differentiation that is 
equivalent to that in the early embryo, 
and a vector-based system to experimen-
tal mammalian genetics in vivo. These 
depend on the ability of pluripotent cells 
to differentiate as in an embryo to all types 
of stably differentiated cell. The ability to 
experimentally manipulate the differen-
tiative state of cells, and revert a termi-
nally differentiated cell to pluripotency 
with germline potential42, now closes the 
developmental loop (BOX 2).

Martin Evans is at Cardiff University,  
Museum Avenue, Cardiff, CF10 3AT,  

Wales, CF10 3XQ, UK. 
e-mail: evansmj@cf.ac.uk

doi:10.1038/nrm3190

1.	 Stevens, L. C. The biology of teratomas. Adv. 
Morphog. 6, 1–31 (1967).

2.	 Pierce, G. B. Teratocarcinoma: model for a 
developmental concept of cancer. Curr. Top. Dev. Biol. 
2, 223–246 (1967).

3.	 Stevens, L. C. & Little, C. C. Spontaneous testicular 
teratomas in an inbred strain of mice. Proc. Natl Acad. 
Sci. USA 40, 1080–1087 (1954).

4.	 Kleinsmith, L. J. & Pierce, G. B. Jr. Multipotentiality of 
single embryonal carcinoma cells. Cancer Res. 24, 
1544–1551 (1964).

5.	 Rosenthal, M. D., Wishnow, R. M. & Sato, G. H. 
In vitro growth and differetiation of clonal populations 
of multipotential mouse clls derived from a 
transplantable testicular teratocarcinoma.  
J. Natl Cancer Inst. 44, 1001–1014 (1970).

6.	 Kahan, B. W. & Ephrussi, B. Developmental 
potentialities of clonal in vitro cultures of mouse 
testicular teratoma. J. Natl Cancer Inst. 44,  
1015–1036 (1970).

7.	 Evans, M. J. The isolation and properties of a clonal 
tissue culture strain of pluripotent mouse 
teratocarcinoma cells. J. Embryol. Exp. Morphol. 28, 
163–196 (1972).

8.	 Martin, G. R. & Evans, M. J. The morphology and 
growth of a pluripotent teratocarcinoma cell line and 
its derivatives in tissue culture. Cell 2, 163–172 
(1974).

9.	 Martin, G. R. & Evans, M. J. Differentiation of clonal 
lines of teratocarcinoma cells: formation of embryoid 
bodies in vitro. Proc. Natl Acad. Sci. USA 72,  
1441–1445 (1975).

10.	 Nicolas, J. F., Dubois, P., Jakob, H., Gaillard, J. & 
Jacob, F. [Mouse teratocarcinoma: differentiation in 
cultures of a multipotential primitive cell line (author’s 
transl.)]. Ann. Microbiol. (Paris) 126, 3–22 (1975).

11.	 Martin, G. R. & Evans, M. J. Multiple differentiation of 
clonal teratoma stem cells following embryoid body 
formation in vitro. Cell 6, 467–474 (1975).

12.	 Rossant, J. Investigation of the determinative state of 
the mouse inner cell mass. II. The fate of isolated inner 
cell masses transferred to the oviduct. J. Embryol. 
Exp. Morphol. 33, 991–1001 (1975).

13.	 Evans, M. J. in Germ Cell Tumours (eds Anderson, 
C. J., Jones, W. G. & Milford-Ward, A.) (Taylor and 
Francis, London, 1981).

14.	 Gardner, R. L. Contributions of blastocyst 
micromanipulation to the study of mammalian 
development. Bioessays 20, 168–180 (1998).

15.	 Brinster, R. L. The effect of cells transferred into the 
mouse blastocyst on subsequent development.  
J. Exp. Med. 140, 1049–1056 (1974).

16.	 Papaioannou, V. E., McBurney, M. W., Gardner, R. L. & 
Evans, M. J. Fate of teratocarcinoma cells injected  
into early mouse embryos. Nature 258, 70–73 
(1975).

17.	 Mintz, B. & Illmensee, K. Normal genetically mosaic 
mice produced from malignant teratocarcinoma cells. 
Proc. Natl Acad. Sci. USA 72, 3585–3589 (1975).

18.	 Artzt, K. et al. Surface antigens common to mouse 
cleavage embryos and primitive teratocarcinoma cells 
in culture. Proc. Natl Acad. Sci. USA 70, 2988–2992 
(1973).

19.	 Solter, D. & Knowles, B. B. Monoclonal antibody 
defining a stage-specific mouse embryonic antigen 
(SSEA‑1). Proc. Natl Acad. Sci. USA 75, 5565–5569 
(1978).

20.	 Gooi, H. C. et al. Stage-specific embryonic antigen 
involves α 1 goes to 3 fucosylated type 2 blood group 
chains. Nature 292, 156–158 (1981).

21.	 Childs, R. A. et al. High‑molecular‑weight glycoproteins 
are the major carriers of the carbohydrate 
differentiation antigens I, i and SSEA‑1 of mouse 
teratocarcinoma cells. Biochem. J. 215, 491–503 
(1983).

22.	 Stern, P. L., Martin, G. R. & Evans, M. J. Cell surface 
antigens of clonal teratocarcinoma cells at various 
stages of differentiation. Cell 6, 455–465 (1975).

23.	 Evans, M. J., Lovell-Badge, R. H., Stern, P. L. & 
Stinnakre, M. G. in INSERM Symposium 10 (ed. 
Douarin, N. L.) 115–129 (Elsevier, Amsterdam, 
1979).

24.	 Jacob, F. Mouse teratocarcinoma and embryonic 
antigens. Immunol. Rev. 33, 3–32 (1977).

25.	 Adamson, E. D., Evans, M. J. & Magrane, G. G. 
Biochemical markers of the progress of differentiation 
in cloned teratocarcinoma cell lines. Eur. J. Biochem. 
79, 607–615 (1977).

26.	 Stern, P. L. et al. Monoclonal antibodies as probes for 
differentiation and tumor-associated antigens: a 
Forssman specificity on teratocarcinoma stem cells. 
Cell 14, 775–783 (1978).

27.	 Lovell-Badge, R. H. & Evans, M. J. Changes in  
protein synthesis during differentiation of embryonal 
carcinoma cells and a comparison with embryo  
cells. J. Embryol. Exp. Morph. 59, 187–206 (1980).

28.	 Stinnakre, M. G., Evans, M. J., Willison, K. R. &  
Stern, P. L. Expression of Forssman antigen in the 
post-implantation mouse embryo. J. Embryol. Exp. 
Morphol. 61, 117–131 (1981).

29.	 Kapadia, A., Feizi, T. & Evans, M. J. Changes in the 
expression and polarization of blood group I and i 
antigens in post-implantation embryos and 
teratocarcinomas of mouse associated with cell 
differentiation. Exp. Cell Res. 131, 185–195 (1981).

30.	 Evans, M. J. Origin of mouse embryonal carcinoma 
cells and the possibility of their direct isolation into 
tissue culture. J. Reprod. Fertil. 62, 625–631  
(1981).

31.	 Evans, M. J. & Kaufman, M. H. Establishment in 
culture of pluripotential cells from mouse embryos. 
Nature 292, 154–156 (1981).

32.	 Martin, G. R. Isolation of a pluripotent cell line from 
early mouse embryos cultured in medium conditioned 
by teratocarcinoma stem cells. Proc. Natl Acad. Sci. 
USA 78, 7634–7638 (1981).

33.	 Bradley, A., Evans, M., Kaufman, M. H. & Robertson, E. 
Formation of germ-line chimaeras from embryo-
derived teratocarcinoma cell lines. Nature 309,  
255–256 (1984).

34.	 Kuehn, M. R., Bradley, A., Robertson, E. J. &  
Evans, M. J. A potential animal model for Lesch-Nyhan 
syndrome through introduction of HPRT mutations 
into mice. Nature 326, 295–298 (1987).

35.	 Robertson, E., Bradley, A., Kuehn, M. & Evans, M. 
Germ-line transmission of genes introduced into 
cultured pluripotential cells by retroviral vector. 
Nature 323, 445–448 (1986).

36.	 Evans, M. Embryonic stem cells: the mouse  source—
vehicle for mammalian genetics and beyond (Nobel 
lecture). Chembiochem 9, 1690–1696 (2008).

37.	 Evans, M. J., Bradley, A., Kuehn, M. R. &  
Robertson, E. J. The ability of EK cells to form 
chimeras after selection of clones in G418 and some 
observations on the integration of retroviral vector 
proviral DNA into EK cells. Cold Spring Harb. Symp. 
Quant. Biol. 50, 685–689 (1985).

38.	 Hooper, M., Hardy, K., Handyside, A., Hunter, S. & 
Monk, M. HPRT-deficient (Lesch-Nyhan) mouse 
embryos derived from germline colonization by 
cultured cells. Nature 326, 292–295 (1987).

39.	 Conlon, F. L., Barth, K. S. & Robertson, E. J. A novel 
retrovirally induced embryonic lethal mutation in the 
mouse: assessment of the developmental fate of 
embryonic stem cells homozygous for the 413.d 
proviral integration. Development 111, 969–981 
(1991).

40.	 Zhou, X., Sasaki, H., Lowe, L., Hogan, B. L. &  
Kuehn, M. R. Nodal is a novel TGF‑β‑like gene 
expressed in the mouse node during gastrulation. 
Nature 361, 543–547 (1993).

41.	 Evans, M. J., Carlton, M. B. L. & Russ, A. P. Gene 
trapping and functional genomics. Trends Genet. 13, 
370–374 (1997).

42.	 Friedrich, G. & Soriano, P. Promoter traps in 
embryonic stem cells: a genetic screen to identify and 
mutate developmental genes in mice. Genes Dev. 5, 
1513–1523 (1991).

43.	 Smithies, O. Turning pages (Nobel lecture). 
Chembiochem 9, 1342–1359 (2008).

44.	 Capecchi, M. R. The making of a scientist II  (Nobel 
Lecture). Chembiochem 9, 1530–1543 (2008).

45.	 Askew, G. R., Doetschman, T. & Lingrel, J. B. Site-
directed point mutations in embryonic stem cells: a 
gene-targeting tag‑and‑exchange strategy. Mol. Cell. 
Biol. 13, 4115–4124 (1993).

46.	 Clarke, A. R. Manipulating the germline: its impact on 
the study of carcinogenesis. Carcinogenesis 21,  
435–441 (2000).

47.	 Pierce, G. B. & Dixon, F. J. Jr. Testicular teratomas. II. 
Teratocarcinoma as an ascitic tumor. Cancer 12,  
584–589 (1959).

48.	 Pierce, G. B. Jr & Verney, E. L. An in vitro and in vivo 
study of differentiation in teratocarcinomas.  
Cancer 14, 1017–1029 (1961).

P E R S P E C T I V E S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY	  VOLUME 12 | OCTOBER 2011 | 685

© 2011 Macmillan Publishers Limited. All rights reserved

mailto:evansmj@cf.ac.uk


49.	 Gardner, R. L. Mouse chimeras obtained by the 
injection of cells into the blastocyst. Nature 220, 
596–597 (1968).

50.	 Evans, M. J., Bradley, A., Kuehn, M. R. &  
Robertson, E. J. The ability of EK Cells to form 
chimeras after selection of clones in G418 and some 
observations on the integration of retroviral vector 
proviral DNA into EK cells. Cold Spring Harb. Symp. 
Quant. Biol. 50, 685–689 (1985).

51.	 Lovell-Badge, R. H. et al. Transformation of  
embryonic stem cells with the human type-II collagen 
gene and its expression in chimeric mice.  
Cold Spring Harb. Symp. Quant. Biol. 50, 707–711 
(1985).

52.	 Doetschman, T. et al. Targetted correction of a  
mutant HPRT gene in mouse embryonic stem cells. 
Nature 330, 576–578 (1987).

53.	 Okita, K., Ichisaka, T. & Yamanaka, S. Generation of 
germline-competent induced pluripotent stem cells. 
Nature 448, 313–317 (2007).

Acknowledgements
I would like to thank my wife Judith for a lifetime of support. 
I would also like to acknowledge all the colleagues and stu-
dents who have worked with me over the years, many of 
whom have gone on to remarkable careers in science and 
medicine. Our progress was often slow and usually enjoyable, 
with many memorable moments enhanced by their support. 
I have been supported mainly by CRC, BBSRC, MRC, SRC and 
the Wellcome Trust.

Competing interests statement
The author declares competing financial interests: see web 
version for details. 

FURTHER INFORMATION
Martin Evans’s homepage:  
http://www.cardiff.ac.uk/martinevans  

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

P E R S P E C T I V E S

686 | OCTOBER 2011 | VOLUME 12	  www.nature.com/reviews/molcellbio

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/nrm/journal/v12/n10/box/nrm3190_audecl.html
http://www.cardiff.ac.uk/martinevans

	Abstract | Embryonic stem (ES) cells are pluripotent cells isolated from an early embryo and grown as a cell line in tissue culture. Their discovery came from the conjunction of studies in human pathology, mouse genetics, early mouse embryo development, c
	EC cells in mice
	EC cells in culture
	Box 1 | Isolating pluripotent mouse cells: key quotes from historical papers
	Studying EC cells in culture
	ES cells and genetic manipulation
	Box 2 | Fountain of eternal youth?
	Conclusion



