
 

Rediscovering Pluripotency:
from Teratocarcinomas
to Embryonic Stem Cells
Cardiff, 10-12 October 2011

The pluripotent potential of embryonic stem cells has often seen 
them touted as the future of regenerative medicine. The road to 
any therapeutic success however, must stretch back to teratocar-
cinoma, the tumour from which pluripotent stem cells (embryonal 
carcinoma cells) were first derived. This 2011 meeting in Cardiff 
acted as a historical perspective from which the impact of embryo-
nal carcinoma cell research on the present pluripotent stem cell 
landscape could be observed, with many of the early luminaries 
in this field still very active. The meeting addressed the genetic 
and epigenetic make-up of pluripotent stem cells, the mechanisms 
which control their fate, and their relationship to the early embryo 
proper. With each speaker tasked with revisiting previous ques-
tions, this meeting demonstrated how far has been travelled, yet 
how far is left to go.

Introduction

Those who cannot remember the past are condemned to 
repeat it.

George Santayana, Reason in Common Sense

The field of pluripotent stem cell research is furiously progressive, 
driven by investigators pursuing the latest discoveries and tech-
nologies, and a general public excited by its therapeutic benefits. 
However, whilst travelling forward one must also be able to look 
back, charting the earliest steps of the journey to ensure the best 
route ahead. With this philosophy in mind, researchers gathered 
at the National museum in Cardiff and plotted the scientific trajec-
tory from a rare developmental tumour, known as teratocarcinoma, 
to one of the today’s most exciting and vibrant research areas. 
A retrospective appraisal of the ideas offered an opportunity to 
revisit some of the remaining open questions and consider them 
in the light of the recent technological advances; an opportunity 
to build on lessons from the past in order to articulate nascent 
questions in the field. 

Teratoma: the little tumour that could

Teratocarcinoma is classified as a germ cell tumour (GCT), with 
testicular GCT (TGCT) being the most common malignancy in 
young men (Rajpert-De Meyts, 2006). These tumours are typically 
a chaotic array of somatic tissues, composed of elements from all 

three embryonic germ layers. However, the crucial aspect of this 
tumour is that it also contains undifferentiated, malignant cells. 
The presence of malignant cells, known as embryonal carcinoma 
(EC), separates teratocarcinoma from teratoma which is benign 
and composed only of differentiated tissues (Andrews, 2002; 
Damjanov and Andrews, 2007). Although hugely influential as 
the originator of todays’ pluripotent cell research, teratocarcinoma 
and GCT research still provide insight into both development and 
oncogenesis, highlighted in Ivan Damjanov’s (University of Kansas, 
USA) lecture on ‘Teratoma: the little tumour that could’.

For any cancer, defining and understanding the cell of origin 
can provide crucial insight into the oncogenic process, and in the 
case of teratoma/teratocarcinoma the cell of origin is undoubt-
edly a germ cell. In the ovaries, teratomas most likely arise from 
oocytes that develop parthenogenetically, with direct evidence for 
this provided in the inbred LT strain of mice described by Stevens 
and Varnum (1974) (Stevens and Varnum, 1974). For TCGT, it is 
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unclear whether the transforming event occurs in a primordial germ 
cell or fetal gonocyte, though the nature of the event is generally 
accepted to involve an aberration(s) in differentiation (Rajpert-De 
Meyts, 2006). The development of TGCT then progresses through 
a carcinoma in situ (CIS) stage (Skakkebaek, 1972) before the 
tumour is recognised as either seminoma or non-seminoma. 
Seminoma is typically homogeneous, resembling primordial 
germ cells, whereas non-seminoma comprises teratocarcinoma, 
choriocarcinoma and yolk-sac tumours though it should be noted 
that tumours containing a mixture of all these elements may 
often be found (Oosterhuis and Looijenga, 2005). Clearly, tera-
tomas and teratocarcinomas presented a research opportunity, 
though exploiting this was made difficult by the low incidence of 
animal models. Indeed, the work of Fawcett in 1950 described 
only one teratoma in 22,000 female mouse autopsies (Fawcett, 
1950). This paucity of material was alleviated by the pioneering 
work of Stevens, who in 1954 described that strain 129 mice 
were predisposed to testicular teratoma formation (Stevens and 
Little, 1954). This work was particularly remarkable given that no 
spontaneous testicular teratomas had been previously reported 
in any mouse strain. The tumours in strain 129 mice comprised a 
variety of differentiated tissue, though undifferentiated, EC cells 
were rarely seen. This observation likely explains why most TGCT 
from these mice are benign, and made Ivan Damjanov question 
the relevance of this model for the human conditions, in which 
malignant teratocarcinoma is the norm.

However, despite the low incidence of EC cells, transplant-
able teratocarcinoma could be maintained. These tumours were 
maintained within strain 129 mice, from which ascitic fluid con-
taining aggregated structures known as embryoid bodies (EB) 
could be isolated. EB contained differentiated tissue, and are 
still used routinely for differentiation of ES cells today, though 
the EB in this ascitic fluid also contained EC cells. These EC 
cells were shown to be pluripotent through xenograft studies, 
though the question remained whether this property belonged to 
single EC cells, or the population as a whole. This question was 
answered by Pierce and Kleinsmith in 1964, in a seminal experi-
ment highlighted by several speakers (Kleinsmith and Pierce, 
1964). Pierce and Kleinsmith were able to take single EC cells 
from teratocarcinoma-derived EB, transplant them into mice, and 
regenerate a teratocarcinoma comprising the differentiated and 
undifferentiated cell types observed in the original tumour. This 
demonstrated unequivocally that each EC cell had the intrinsic 
capacity for multipotent differentiation and self-renewal, and 
provided perhaps the first example of a ‘cancer stem cell’ in a 
solid tumour. However, this also provided a further oncogenic 
conundrum - why, during cancer progression, would a tumour 
give rise to differentiated derivatives that are benign?

The tumorigenic potential of pluripotent cells is obviously a key 
consideration if they are to reach the clinic for uses in regenera-
tive medicine, and this issue has been brought sharply into focus 
by numerous reports demonstrating genetic instability in human 
ES and induced pluripotent stem (iPS) cells (Baker et al., 2007; 
Gore et al., 2011; Mayshar et al., 2010). That the changes most 
frequently observed in ES cells are also commonly found in EC 
cells, and that the abnormal cells tend to give rise to teratocar-
cinomas in mouse models, is clearly a cause for concern (Baker 
et al., 2007). With this in mind, there is much value in develop-
ing assays to test the malignant potential of ES cells, and Ivan 

Damjanov believed histologists have a key role to play. Here, the 
standardisation of xenografting and xenograft interpretation could 
provide a routine test of developmental and oncogenic potential.

Teratomas and chimeras

As the sixties swung to their conclusion, further methods for 
teratoma/teratocarcinoma formation were reported. Again, the 
research of Stevens proved prominent as he was able to dem-
onstrate teratocarcinoma development from (i) grafting of the 
genital ridge of E12.5 mouse embryos into adult testis in strain 
129 mice (Stevens, 1967); (ii) implanting early mouse embryos 
into extrauterine adult sites (Solter et al., 1970; Stevens, 1968); 
(iii) parthogenetic activation of oocytes in strain LT mice (Stevens 
and Varnum, 1974). Of these approaches, the induction of tumour 
formation by implanting normal mouse embryos proved attractive 
to Davor Solter (IMB, A*STAR, Singapore), who shared his finding 
in the second lecture of the meeting.

Professor Solter noted that of the embryo-derived tumours, ap-
proximately half were teratoma and half teratocarcinoma, and set 
out to investigate which factors could affect this balance. The first 
variable investigated was the age of the embryo transplanted, which 
revealed that 7.5 days was the strict cut-off for teratocarcinoma 
formation. Intriguingly, this is too late for the generation of mouse 
ES cells, suggesting differences between mouse ES and EC cells 
that would be touched upon by other speakers. The section of the 
embryo transplanted was the next variable, and here it was found 
that, for the 7.5 day embryo, only the embryonic portion of the 
egg cylinder was able to give rise to teratocarcinoma. The extra-
embryonic portion of the embryo was unable to form teratoma or 
teratocarcinoma, further confirming the embryonic region as the 
stem cell residence.

The final variable to be scrutinised was the mouse strain used. 
It was known that, from syngeneic grafts, there were marked differ-
ences in the incidence of teratocarcinoma between different mouse 
strains, with e.g. 75% of the tumours in strain Balb/c mice scored 
as teratocarcinoma compared to 5% in stain AKR. By transplant-
ing embryos across different strains however, it was noted that it 
was the host, rather than the grafted embryo, that impacted most 
strongly on teratocarcinoma formation. Here, by grafting strain AKR 
embryos onto AKR x C57BL/6 hosts, teratocarcinoma incidence 
increased to 84%. These data suggested that an immune response 
was necessary for efficient embryo-derived teratocarcinoma, sup-
ported by the decreased incidence of malignant tumours when 
host mice were immune compromised by cyclophosphamide or 
X-irradiation treatment prior to engraftment. This body of work also 
suggests there is an intrinsic malignancy associated with the normal 
mouse embryo, which should not be overlooked should human ES 
cells be derived which resemble more closely those from mouse.

The embryo-engraftment performed by Davor Solter could be 
construed as creating a chimeric animal, though for those in the 
stem cell community this term is typically applied to an organism 
created by injecting cells from one individual into a genetically 
distinct blastocyst. Today, this assay is considered the strictest test 
of pluripotency, satisfied only when a stem cell can form a chimeric 
animal and contribute to all 3 somatic germ layers in addition to 
the germ cells themselves. However, the origins of the assay can 
be dated back the 1960’s, the same time period during which tera-
tocarcinomic research was beginning to boom, and this was the 
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focus of Virginia Papaioannou (Columbia University, USA) lecture.
Fitting with the historical perspective of the meeting Prof. Pa-

paioannou paid credit to the pioneering work of Tarkowski (1961) 
(Tarkowski, 1961) and Mintz (1962) (Mintz, 1962), who paved 
the way for Gardner’s seminal experiments which demonstrated 
chimeric mice could be generated by injection of embryonic cells 
into the blastocyst (Gardner, 1968). By marking these cells, early 
developmental processes such as embryo regulation, X-inactivation 
and cell fate could be studied, and one could answer the timeless 
question as to which cells in the embryo were truly pluripotent. For 
Prof. Papaioannou and others, this technique also provided a tool 
to address questions regarding the developmental capability, and 
tumorigenicity of teratocarcinoma and EC cells. The creation of 
chimeric mice using teratocarcinoma cells was demonstrated by 
Brinster, who injected dissociated EB from ascites into a blastocyst 
and found they could participate in embryonic development. In this 
report no tumours were found in the chimeric mice, suggesting 
that the inner working of the embryo had silenced the malignant 
machinery of the injected cells (Brinster, 1974). However, it was 
noted that the chimeric contribution was reduced when compared 
to that of embryonic cells, a result later confirmed by other groups. 
Further, EC cells maintained in culture tended to give rise to ab-
normal chimeras, in which tumours developed, and these cells 
were unable to contribute towards the germ line. Here then, the 
differences inherent between mouse ES and EC cells were again 
highlighted.

Understanding embryonal carcinoma (EC) cells – a 
cultured approach

As the differences between pluripotent cells of the normal 
mouse embryo EC cells and of mouse teratocarcinoma became 
more apparent, it was obvious that genuine mouse ES cells would 
need to be generated. This breakthrough was made possible by 
meticulous studies of EC cells in culture, which were reviewed with 
great humility by Gail Martin (UCSF, USA) and Sir Martin Evans 
(Cardiff University, UK).

As mentioned, EC cells could be extracted from the ascites of 
mice with teratocarcinoma, and EC cell lines were derived using this 
method (Jakob et al., 1973; Kahan and Ephrussi, 1970; Rosenthal 
et al., 1970). These EC cell lines were mostly homogeneous, made 
up of only undifferentiated, malignant cells. The key aspect of Martin 
and Evans work was to derive EC cell lines from solid tumours, 
and to interrogate not only the different cell types emerging, but 
also their relationship. The first in vitro lines generated from solid 
tumours were from embryo-induced teratocarcinoma, and derived 
onto X-irradiated chick fibroblasts (Evans, 1972). All lines derived 
in this manner were heterogeneous in primary culture, though 
they contained islands of tightly packed cells, which Prof. Evans 
was able to clone out as lines. Of the lines derived, the SIKR line 
was chosen for further study based on good in vitro growth, and 
in vivo differentiation. From subcloning this line it was noted that 
two distinct cell types were present, termed C cells (tightly packed 
cells, which were later recognised as EC cells) and E cells, with 
an epithelial-like morphology. On injection of the C cells into mice, 
differentiated tumours were observed, yet the E type cells did not 
give tumours, suggesting it was the C cells that were pluripotent, 
malignant cells. When the subcloned lines were maintained in 
culture, the C cells could be maintained as a homogenous popu-

lation when grown in the presence of feeder cells (either STO or 
chick fibroblasts), yet when plated without feeders a mixed culture 
of C and E cells would be generated. By contrast, E cells could 
be maintained by themselves, and despite in vitro transformation, 
would only give rise to E cell containing tumours. These data led 
Martin and Evans to hypothesize that the C cells gave rise to E cells, 
and that the fibroblast-like E cells acted as feeder cells for the C/
EC cells (Martin and Evans, 1974; Martin and Evans, 1975). Thus, 
aware of the importance of the supportive feeder layer in deriving 
EC cells, Martin and Evans were able to derive mouse ES cells. 

From embryonal carcinoma (EC) cells to embryonic 
stem (ES) cells and beyond

The first embryo derived pluripotent cells were isolated indepen-
dently in 1981 by Martin Evans and Matt Kauffman from delayed 
blastocysts of 129 strain of mice (Evans and Kaufman, 1981), and 
by Gail Martin, using medium conditioned by embryonic carcinoma 
cells (Martin, 1981). The availability of mouse ES cells coupled 
with gene targeting and germline transmission, transformed the 
landscape of mammalian biology as it provided a genetic toolkit 
for studying development and disease in the mouse as a model 
organism. In 2007 Sir Martin Evans, Oliver Smithies and Mario 
Capecchi were awarded the Nobel Prize in Physiology or Medicine 
for their contributions in this area. 

Although the use of mouse ES cells became universal, the 
emphasis was on using them as a tool, and the biology of these 
remarkable cells remained the focus of interest for only a small 
number of researchers. It was another 17 years before James 
Thomson was successfully able to derive ES cells from human 
blastocysts (Thomson et al., 1998), inspiring visions that these 
cells could be used for regenerative medicine, and fueling intense 
research efforts to uncover the mechanisms underlying stem cell 
fate and the ways to control it. But the therapeutic potential of hu-
man ES cells was not the only reason for the passionate interest 
of the public and media in ES cells – controversies regarding the 
ethical acceptability of destroying a human blastocysts during the 
process of ES cell derivation has dominated the field since its 
inception. The advent of iPS cells has been hailed as an ethical 
alternative to ES cells (Takahashi et al., 2007). In her talk “Pluri-
potency: iPS cells and the shaping of stem cell science”, Christine 
Hauskeller (University of Exeter, UK) presented findings of the study 
in which stem cell scientists working in two distinct socio-political 
backgrounds – Germany and the UK – were interviewed shortly 
after the derivation of human iPS cells. To the audience of stem 
cell scientists it was perhaps not surprising that interviewees hailed 
iPS cells as a “breakthrough” but at the same time highlighted 
importance of continuing research on human ES cells which are 
the precedents of iPS cells and offer a reference or a standard for 
comparison. Unfortunately, many of the policymakers still seem 
to question legitimacy of human ES cell research. Indeed, only a 
few days after the Cardiff meeting, on the 18th October 2011, the 
Court of Justice of the European Union announced its decision 
that procedures involving human embryonic stem cells cannot be 
patented. Ramifications of this decision on investment and fund-
ing of ES cell research in Europe remain to be seen, but we are 
reminded yet again that in this field perhaps more than in any other, 
we can expect interference of politics in the progress of research. 

Apart from offering a seemingly less ethically questionable 
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source of pluripotent cells, iPS cells opened up new avenues of 
modeling human diseases, amenable even in cases where the 
underlying causative effects of a disease are unknown. Complex 
diseases such as cancers that involve genetic and epigenetic 
changes can also be probed by using iPS cell technology, in order 
to assess the relative contributions of these factors to the disease. 
In this context, Steven Pollard (UCL, UK) presented his work on 
reprogramming highly malignant, aneuploid human glioblastoma 
cells. Reprogramming of glioblastoma neural stem cells was 
achieved by using just two transcription factors: OCT4 and KLF4. 
Reprogrammed glioblastoma iPS cells (GiPSCs) expressed ES-like 
transcriptome whereas methylation patterns were globally reconfig-
ured, including demethylation of OCT4 and NANOG promoters as 
well as re-activation of tumor supressors. Importantly, epigenetic 
reprogramming allowed GiPSCs to differentiate into non-neural 
cells in vitro and in vivo. It remains to be seen whether rescuing 
all the epigenome defects would render the cells with the same 
genome less malignant. 

Another type of pluripotent stem cells are embryonic germ 
(EG) cells derived from primordial germ cells. In vivo, primordial 
germ cells are unipotent embryonic precursors of either sperm 
or eggs. However, when placed under appropriate culture condi-
tions, primordial germ cells can give rise to ES-like cells termed 
EG cells, which contribute to chimera formation (Matsui et al., 
1992). Difficulties in deriving EG cells presented a major obstacle 
in understanding how unipotent primordial germ cells convert to 
pluripotent EG cells. Towards answering the questions whether the 
ability to convert to EG cells is a general property of primordial germ 
cells, and in which species this could be achieved, Harry Leitch 
(University of Cambridge, UK) presented evidence that 2i media (the 
MEK inhibitor PD0325901 and the GSK3 inhibitor CHIR99021) in 
combination with LIF allows efficient derivation of mouse EG cells. 
EG cells derived under 2i/LIF contribute to chimera formation and 
are germline competent. Application of the same conditions also 
proved fruitful in deriving the first rat EG cells (Leitch et al., 2010).

Characterisation of pluripotent cells

Cell surface molecules - With a host of pluri/multipotent stem 
cell lines generated, one of the key challenges is effective char-
acterisation. This sentiment is as true now as when the original 
EC cell lines were created, though many of the tools now used 
routinely in pluripotent stem cell laboratories owe much to the early 
pioneers in this field.

The lecture given by Peter Andrews (University of Sheffield, 
UK), who generated the TRA-series of antibodies, covered much of 
the work involved in identifying cell surface antigens on pluripotent 
cells. The original impetus was provided by the work of Artz et al., 
(1973), who, by immunizing syngeneic mice with the F9 murine 
teratocarcinoma line, generated antiserum to the F9-antigen. 
Subsequent studies detected this antigen on germ cells and EC 
cells of both mouse and human (Holden et al., 1977), suggesting 
some comforting conservation across different mammalian spe-
cies. The drawback to the antisera however, was that they were 
variably able to react with a number of antigenic determinants, 
making difficult the identification of specific antigens associated 
with embryonic development. Fortunately for the field, however, 
the search for embryonic antigens coincided with the development 
of monoclonal antibody technology, which was utilised to create 

antibodies that reacted specifically with undifferentiated cells. At 
similar times, Stern and colleagues published data on the anti-Thy1 
and Forsmann series of antibodies (Stern et al., 1975; Stern et 
al., 1978), whilst Knowles and Solter published data pertaining to 
an antibody which recognised a stage specific embryonic antigen 
(SSEA1) (Solter and Knowles, 1978). SSEA1 was shown to be 
expressed on cells of the 2 cell - ICM mouse embryo, mouse EC 
cells, and later on mouse ES cells. However, despite initial hopes 
of conservation, this antigen was not expressed in similar stage 
human embryos, or by human ES or EC cells. Indeed, SSEA1 is 
only expressed by human ES and EC cells which are undergoing 
differentiation. For undifferentiated human cells, the key antigens 
appear to be SSEA3 and SSEA4 (glycolipids like SSEA1), and 
the TRA series (TRA-1-60, TRA-1-81, TRA-2-49 and TRA-2-54) 
(Draper et al., 2002), though recent antigens described by Wright et 
al., (2011) and SSEA5 (Tang et al., 2011) may also prove valuable. 
That SSEA1 and SSEA3/4 show opposed expression in mouse 
ICM and ES cells compared to human ICM and ES cells further 
demonstrates the speciation differences that the field must consider.

The relative specificity of these antigens to embryonic tissue, 
and the energy devoted to generating their complex biochemical 
structures, suggests they should play an important role in develop-
ment. However, one of the conundrums raised by Prof. Andrews 
is that the SSEA- and TRA- antigens are not required for embryo, 
ES or EC cell growth. Whilst the presence of certain cell surface 
antigens remains puzzling, the role of other membrane molecules 
is being clarified. This was evident in the lecture given by Rolf 
Kemler (MPI, Germany), who charted a path from the cell surface 
to cell senescence. Although initially intrigued by the F9-antigen, 
the uvomorulin molecule provided a major focus for Prof. Kemler. 
Studies from the 1980’s had demonstrated the importance of this 
protein, better known now as E-cadherin, in compaction of the 8 
cell embryo (Johnson et al., 1986). More recent work revealed 
E-cadherin was also involved in the maintenance of mouse ES 
cells in vitro, which became LIF-independent when this protein 
was knocked out (Soncin et al., 2009). By re-expressing variant 
forms of E-cadherin LIF-dependence could be regained, but only 
when the re-expressed E-cadherin contained a b-catenin binding 
domain (Soncin et al., 2009). Hence, it appeared that differentiation 
of ES cells in the absence of LIF was dependent of E-cadherin-
b-catenin signalling. With the focus now shifted onto b-catenin, 
the story took a further twist, with a network established between 
b-catenin and TERT.

In b-catenin knockout ES cells, both TERT expression and 
telomere length were significantly reduced. Conversely, when an 
ES line was created with a stabilised form of b-catenin, TERT ex-
pression increased. Prof. Kemler was able to show that b-catenin 
and Klf4 act together to regulate TERT expression, with Klf4 
alone unable to elicit TERT expression even when bound to the 
promoter. That TERT has previously been shown to modulate the 
Wnt pathway (Park et al., 2009) demonstrates cross-talk between 
these pathways, though the work described here was the first time 
that this relationship had been investigated in ES cells. Whether 
a similar system exists in human is still to be determined, though 
the positive effects of Wnt signalling on proliferation and survival 
in human ES cells suggests merit in such a model.

Another molecule influenced by E-cadherin is the cell surface 
antigen 5T4, which was the focus of Peter Stern’s (Paterson Institute, 
UK) lecture. E-cadherin prevents surface expression of 5T4, and 
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as such 5T4 is only seen when ES cells down-regulate E-cadherin 
during differentiation. This down-regulation of E-cadherin, in addi-
tion to a number of other changes (e.g. up-regulation of vimentin, 
slug, snail) are strongly associated with epithelial-mesenchymal 
transition (EMT), a key event in both embryonic development and 
cancer (Mani et al., 2008). Indeed, the data presented re-iterated 
the intertwined nature of these two areas, and the theme of the 
meeting.

In relation to cancer EMT has been implicated in metastasis, 
creating a phenotype suited to motility. Exploiting ES cell differen-
tiation as a model of EMT, Prof. Stern revealed up-regulation of 
chemokine CXCL12, which can influence chemotactic cell migra-
tion. CXCL12 acts through CXCR4, which can only reach the cell 
surface when 5T4 is expressed. Thus, by targeting 5T4, it may be 
possible to prevent CXCL12 mediated metastasis, with positive 
data already collected for B-ALL tumours. Further, since 5T4 is 
over-expressed in a number of carcinomas, Prof. Stern believed 
this molecule may act as a genuine target for immunotherapy.

Cell signalling - Understanding the molecular cues that specify 
the stem cell fate is a prerequisite in our pursuit to control the 
stem cell behavior. Austin Smith (University of Cambridge, UK) 
has been at the forefront of establishing important principles of 
signaling pathways governing mouse ES cell fate decisions. In his 
talk, Professor Smith recounted the remarkable journey that led him 
to identify a factor in conditioned media prepared from Buffalo rat 
liver cells that could sustain self-renewal of mouse ES cells in the 
absence of feeders (Smith et al., 1988). Initially termed Differentia-
tion Inhibiting Activity (DIA), this cytokine is now widely known as 
Leukemia Inhibitory Factor (LIF). The use of LIF and BMP4 allowed 
defined, serum-free culture conditions of mouse ES cells (Ying 
et al., 2003). However, these conditions did not solve a problem 
of low efficiency of ES cell derivation from nonpermissive mouse 
strains (mouse strains other than 129). This has been achieved 
more recently by using media supplemented with two small inhibi-
tors -PD0325901 (MEK inhibitor) and CHIR99021 (GSK3 inhibitor) 
(Ying et al., 2008). The 2i media keeps mouse ES cells in a more 
homogeneous state in culture compared to the serum conditions. 
Thus, Prof. Smith postulated that the 2i conditions keep mouse ES 
cells in a state equivalent to the epiblast cells of the preimplanta-
tion blastocyst – the ground state of pluripotency. The ground state 
postulate defines naïve pluripotency as the basal cellular state in 
which: (i) the cells are autonomously self-replicating, (ii) vulnerable 
to extrinsic perturbation (Erk), (iii) epigenetically unprogrammed 
(reactivated X-chromosome) and (iv) commanded by transcription 
factors (Nanog/Oct4/Sox2/Klfs/Esrrb/Stat3). The RNA sequencing 
and ChiP sequencing analyses revealed that the ground state 
ES cells have a distinctive transcriptome and epigenome, with 
minimal lineage priming. Widespread RNA polymerase 2 pausing 
may provide a mechanism for efficient activation of genes upon 
appropriate stimuli, turning the cells from a naïve to a primed state.

Primed pluripotent stem cell lines – termed epiblast stem 
cells (EpiSCs) - have been established from the epiblast of the 
postimplantation mouse blastocyst (Brons et al., 2007; Tesar et 
al., 2007) and by conversion of murine ES cells in vitro (Guo et 
al., 2009). Similarities between EpiSCs and ES cells include ex-
pression of the core pluripotency factors (Oct4, Sox2 and Nanog) 
as well as the ability to form teratomas. However, EpiSCs have 
distinct signaling requirements (FGF/Activin rather than LIF) and 
do not form chimeras, indicating that they are developmentally 

restricted compared to the naïve stem cells. The molecular control 
of transition from a naïve to a primed state remains elusive. Derk 
ten Berge (Erasmus Medical Center, Netherlands) focused on the 
role of Wnt proteins in this process. He showed that Wnt signals 
are essential self-renewal factors for ES cells, involved in inhibiting 
the differentiation of ES cells to EpiSCs. When used with LIF, Wnt 
proteins support self-renewal of germline-competent ES cells and 
even allow derivation of ES cells from non-permissive strains of 
mice (ten Berge et al., 2011).

Bertrand Pain’s (INSERM–Lyon, France) group generated 
Epi-like cells from chicken embryos and performed comparative 
transcription analyses with chicken ES cells to ascertain expres-
sion patterns that define naïve and primed states. Chicken Epi-like 
stem cells, like mouse EpiSCs, are grown in the presence of Activin 
and FGF, and thus display similar growth factor requirements to 
human ES cells. Intra- and inter-species investigation of the exis-
tence of naïve and primed ES cell states are beginning to uncover 
evolutionary conserved and species-specific mechanisms that 
operate during development. Given the similarity in growth factor 
requirements, it would also be interesting to see whether chicken 
Epi-like stem cells exhibit similar sensitivity to dissociation-induced 
death underlying the lower cloning efficiency of mouse EpiSCs 
and human ES cells.

Poor survival of human ES cells is hindering their efficient 
expansion, and creates a selection pressure that may lead to the 
generation of variants harboring advantageous genetic changes 
which can overtake the culture (Amps et al., 2011; Baker et al., 
2007; Draper et al., 2004). Hence, identifying the culture condi-
tions that alleviate this obstacle remains a major focus in human 
ES cell research. This issue was touched upon by Martin Pera 
(University of Melbourne) who discussed the signalling networks 
required for maintenance of human ES cells. By concentrating on 
mechanisms that promote human ES cell survival, e.g. the use of 
small molecules and/or the maintenance of cell-cell contact, Prof. 
Pera believed that cell expansion on a therapeutic level could be 
achieved without the cells undergoing genetic changes which may 
influence their differentiation capacity. Another important aspect to 
consider when culturing human ES cells is their growth substrate. 
This was the focus of work undertaken by Loriana Vitillo (University 
of Manchester, UK) who discussed the molecular pathways that 
underlie fibronectin regulation of human ES cell survival. Interac-
tion of cells with the extracellular matrix occurs through integrins 
which results in the activation of several focal adhesion-associated 
proteins, including focal adhesion kinase (FAK). As a key mediator 
of integrin signaling, FAK interacts with several signaling pathways, 
including a pro-survival phosphatidyl 3-kinase (PI3K) pathway. 
Indeed, Vitillo showed that FAK inhibition by selective inhibitors 
increased apoptosis of human ES cells, indicating a role of FAK in 
cell survival. Resolving the molecular signaling governing human 
ES cell death versus survival in vitro will inform the formulation of 
optimal culture conditions for robust maintenance of undifferenti-
ated human ES cells.

Epigenetic characteristics - Since ES cells are the source of 
all cell types within the body, maintaining the genomic integrity of 
these cells would seem an evolutionary pre-requisite. Indeed, it 
has been known since the late 1970’s that ES and EC cells can 
protect their genome by epigenetically silencing foreign DNA, 
particularly retroviral elements. However, the proteins involved 
in this silencing have only been recently revealed. In 2007, Wolf 
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and Goff were able to show that TRIM28 forms part of a complex 
at the ProtRNA binding site (PBS) which can mediate retroviral si-
lencing (Wolf and Goff, 2007). TRIM28 is directed to the DNA by 
Kruppel-associated box zinc finger (KRAB-ZNF) proteins, where 
it recruits a complex of proteins including histone deacetylases 
(HDAC) and methyltransferases (particularly SETDB1) involved 
in epigenetic modification. This key action of TRIM28 may explain 
its early expression in the embryo, though Barbara Knowles (IMB, 
Singapore) detailed a wider role for this protein. The work described 
involved the knockout of maternal TRIM28, which resulted in a 
high incidence of postimplantation lethality. Those pups which did 
survive were notably different, despite having the same genome, 
suggesting TRIM28 was an important epigenetic controller. Microar-
ray studies provided further evidence of this, with problems found 
in regulating expression of the imprinted gene IGF2. Hence, it ap-
pears that the maternal TRIM28 complex may have far-reaching 
actions as a guardian of the epigenome during the early stages of 
development. An irregularity in epigenetic control of key pathways 
may pre-dispose ES cells to further changes, so Prof. Knowles 
suggested that occult epigenetic abnormalities may underlie the 
more obvious chromosomal changes observed in ES cells.

Utilising ES and EC cells to study epigenetic mechanisms during 
development was also discussed by Philip Avner (Institut Pasteur, 
France). Prof. Avner was particularly interested in the process of 
X-inactivation, described as an epigenetic paradigm specific for 
mammals. Physical evidence for X-inactivation had been indirectly 
observed as early as 1949, with Barr describing the ‘Barr body’, 
which represented the condensed, inactive, X-chromosome (Barr 
and Bertram, 1949). Twelve years later, Mary Lyon first suggested 
this as an embryonic event, which was then propagated throughout 
the organism (Lyon, 1961). Fitting for this meeting though, was the 
fact that no in vitro model existed for this process before the deriva-
tion of EC cell lines. Using a female teratocarcinoma cell line, Gail 
Martin (Martin et al., 1978) revealed X-chromosome inactivation 
during differentiation, a finding later confirmed in mouse ES cells. 
However, it should be noted that this is considered the second 
‘random’ wave of X-inactivation. The initial X-inactivation is termed 
‘imprinted’, and involves inactivation of the paternally-inherited X 
chromosome during initial specification of the extra-embryonic 
tissues (Takagi and Sasaki, 1975). Imprinted inactivation has also 
been observed in vitro using XEN and TS cells, though surprisingly 
the acquisition of polycomb proteins varied between these two 
extra-embryonic lineages (Kunath et al., 2005).

During his lecture Prof. Avner outlined the machinery that con-
trolled X-inactivation, and related this process to cellular state. X-
inactivation is mediated by X-inactivation centre (Xic), a 600-1,200 
kb stretch of DNA containing those genes which can silence the 
entire X chromosome. Whilst the Xic comprises a number of genes, 
capable of complex interaction, the best characterised player is 
Xist. Xist is a non-coding RNA which, prior to inactivation, coats 
chromosomal DNA and begins the cascade of events which conclude 
in the irreversible epigenetic silencing of the X-chromosome (Avner 
and Heard, 2001). These events involve the loss of euchromatic 
marks, the recruitment of polycomb proteins PRC1 (de Napoles 
et al., 2004) and PRC2 (Okamoto et al., 2004), and the establish-
ment of heterochromatic domains. Genes capable of controlling 
Xist are then of obvious importance, and perhaps the other most 
notable gene in the Xic is Tsix, which is able to repress Xist. These 
two genes seem to be crucial in maintaining X-inactivation in the 

pluripotent state, since OCT4, NANOG and SOX2 have been shown 
to prevent Xist upregulation (Navarro et al., 2008), whereas REX1, 
KLF4 and C-MYC activate Tsix (Navarro et al., 2010).

Whilst there has been much progress made in elucidating the 
regulation of X-inactivation, Prof. Avner was still able to raise a 
number of questions within his talk. One of the early observations 
in the field was that, although it is well accepted that cells inactivate 
the X chromosome during differentiation, this does not occur in 
all cells. The data from mouse EC cells reveals that only ~60% of 
cells in culture activate Xist upon differentiation, and this is also 
true for mouse ES cells. Whether this is intrinsic to some cells, or 
merely stochastic, has yet to be determined, though is doubtless 
important when one considers that X-inactivation status is deemed 
one of the critical measures the ‘true’ ES cells.

Taking non-coding RNAs from Xist to the present was Alla 
Sigova (Whitehead Institute, USA), who was keen to understand 
the role these molecules play in cell fate decisions. Dr Sigova’s 
work began with a screen of mouse ES cell specific non-coding 
(nc) RNA, which identified 195 candidates. Of these candidates, 
ncZMYND8 stood out since it was regulated by OCT4. Further 
interrogation showed that ncZMYND8 was located upstream of 
the ZMYND8 gene, encoding a zinc finger protein with a complex 
role in maintaining pluripotency. Although only expressed at low 
levels, the up- or down-regulation of ZMYND8 was capable of 
inducing differentiation in ES cells. Such dosage dependent ef-
fects are becoming better recognised in stem cells, and provide 
a further measure through which cellular state can be controlled.

Relationship of embryonic stem (ES) cells in vitro to 
embryo development

A recurring theme throughout the meeting was the question 
about the relationship of ES cells to their in vivo counterparts. Are 
ES cells a culture artifact or can we relate them to specific cells 
of the early embryo? Mouse embryonic development starts by 
formation of a zygote as a result of the oocyte fertilization by the 
sperm. After several rounds of cell divisions, the first segregation 
event occurs in the embryo, giving rise to trophectoderm and the 
inner cell mass (ICM). ICM cells consequently segregate into the 
hypoblast (the primitive endoderm) and the epiblast (primitive 
ectoderm). The hypoblast and epiblast are morphologically and 
molecularly distinct, with hypoblast expressing Gata6 and Gata4 
transcription factors and epiblast expressing Nanog (Chambers et 
al., 2003; Chazaud et al., 2006). Whereas the trophectoderm and 
the hypoblast give rise to the extraembryonic tissues, the epiblast 
harbours pluripotent cells that develop into the embryo proper. Janet 
Rossant (Hospital for Sick Children, Toronto,Canada) discussed 
the plasticity of the cells in the early embryo and the mechanisms 
of lineage commitment. Although ICM cells of a 3.5 dpc mouse 
embryo present a complex mosaic of cells, with a heterogeneous 
expression of Nanog and Gata6, the fate of these cells is not yet 
fully restricted. FGF/MAP kinase signal was highlighted as pivotal 
in determining their fate. Depletion of FGF/MAP kinase signal gave 
rise to Nanog-positive cells only, whereas all the cells of the ICM 
became Gata6-positive when exposed to excessive FGF signal 
(Yamanaka et al., 2010). Similarly, that the cells of the ICM can 
be heavily biased towards an epiblastic rather than hypoblastic 
fate by culturing mouse embryos in 2i media (Nichols et al., 2009) 
was further discussed in the talk by Austin Smith (University of 



204    I. Barbaric and N.J. Harrison

Cambridge, UK). The two compounds also promoted self-renewal 
of mouse ES cells in vitro, indicating common signaling mecha-
nisms in mouse ES cells and the early epiblast. Although Brook 
and Gardner ‘s microdissection experiments (Brook and Gardner, 
1997) clearly demonstrated that epiblast is the source of ES cells, 
and that single epiblast cells from a 4.5 dpc embryo can give rise 
to ES cells, the notion was that only a minor fraction of epiblast 
cells can generate ES cells. It is now apparent that the culture 
conditions modulate this ability as the 2i medium supplemented 
with LIF allows a higher number of ES cell clones to be isolated 
from an embryo (Nichols et al., 2009). Interestingly, although hu-
man blastocysts show non-overlapping expression of NANOG and 
GATA4, similar to mouse embryos, downregulation of FGF signaling 
does not affect human hypoblast formation (Roode et al., 2012).

Anestis Tsakiridis (University of Edinburgh, UK) continued this 
discussion by presenting work addressing the timing of cessation 
of pluripotency in vivo. Pluripotency of cells from different stages 
of mouse development was assessed by their ability to form tera-
tocarcinomas and give rise to epiblast stem cells (EpiSCs). This 
work elegantly showed that the loss of pluripotency in vivo occurs 
around the onset of somitogenesis. The question that followed 
was what molecular changes underlie the loss of pluripotency? 
The reduction in Oct4 levels seems like a plausible candidate as 
ectopic Oct4 expression in somitogenesis-stage cells resulted in 
Nanog reactivation and allowed teratocarcinoma formation as well 
as derivation of EpiSC. This is mediated at the molecular level by 
re-opening of chromatin in regulatory regions of Oct4 and Nanog. 

Stem cell and stem cell states

The embryonic stage that mouse ES cells, mouse EpiSC, 
and human ES cells represent, and their respective potencies, is 
something of a hang-up for the field at present. Indeed, this issue 
was addressed by many speakers, both in their lectures and the 
discussions that followed. In the case of mouse ES cells, the most 
rigorous test of ES cell pluripotency is a tetraploid complementa-
tion test, which involves fusing the blastomeres of a two-cell stage 
embryo and aggregating the resulting one-cell tetraploid embryo 
with ES cells (Nagy et al., 1990). The result of this should be an 
animal, in which the ES cells can be shown to contribute to all 
somatic lineages and also the germ line. For obvious reasons this 
is not possible for human ES or iPS cells, and hence surrogate 
tests e.g. teratoma formation, are sought. However, that human ES 
cells cannot satisfy mouse ES cell tests of pluripotency does not 
necessarily disqualify these cells from pluripotent status. Through 
various differentiation protocols, human ES cells have been shown 
capable of differentiation towards all 3 germ layers, and also germ 
cells themselves. Further, differentiation towards trophoblast has 
been achieved, which is not possible with mouse ES cells, and 
hints at speciation differences or that human ES cells derive from 
an earlier stage of embryonic development.

A more common conception however, is that human ES cells 
are derived from a developmental stage resembling the mouse 
post-implantation epiblast. This is based largely on the similar-
ity of human ES and mouse EpiSC, both in terms of epi/genetic 
characteristics and signalling requirements. The genetic profiles 
of human ES and mouse EpiSC suggest that these cells are in a 
‘primed’ state, expressing markers of pluripotency yet also differ-
entiation. However, such analyses are invariably performed at a 

population level, and do not account for the heterogeneity present 
within the cultures. The propensity of ES cells to spontaneously 
differentiate results in heterogeneous cultures, comprising both 
undifferentiated stem cells as well as their differentiated progeny. 
In addition to heterogeneity due to differentiation, it is becoming 
increasingly evident that the undifferentiated stem cells themselves 
are not all equal but instead exist in distinct states. These states 
are interchangeable but individually they may bias the cell fate. 
Violetta Karwacki-Neisius (University of Edinburgh, UK) explored 
the source and functional significance of heterogeneity in mouse 
ES cells, focusing on the role of Nanog-Oct4 interactions. Nanog is 
expressed in a heterogeneous manner in ES cell cultures, and the 
level of Nanog expression is inversely correlated with the propensity 
of a stem cell to differentiate (Chambers et al., 2007). Karwacki-
Neisius showed that the homogeneous expression of Nanog can 
be achieved by reducing the Oct4 to around half of the wild-type 
level. A functional consequence of this is delayed differentiation of 
ES cells. Nanog mosaicism is again restored by raising the Oct4 
level of expression and this also rescues delayed differentiation. 
These findings suggest a feedback control mechanism between 
Oct4 and Nanog and offer insight into hierarchies of transcription 
factor heterogeneity.

Talks presented at this meeting indicated that fascinating ques-
tions regarding heterogeneity, stem cell fates and the evolutionary 
changes that may have led to inter-species differences in develop-
ment are poised for transformational gains in the near future. As 
Janet Rossant concluded in her talk, for the progress in this area 
to take place we need: (i) better understanding of human devel-
opment through experimental study, (ii) more careful comparative 
analyses of different human and mouse pluripotent stem cell lines, 
and (iii) better assays for assessing pluripotency.

Int. J. Dev. Biol. poster awards

The ongoing efforts to uncover some of the questions aforemen-
tioned came into view through talks and posters by junior scientists 
in the field. Poster prizes sponsored by The International Journal 
of Developmental Biology (Int. J. Dev. Biol.) were awarded to the 
following young researchers:

1st prize:  M. Afanassieff. Contrasting features of embryonic and 
induced pluripotent stem cells in rabbit.

2nd prize: A. Sinha. The OCIA domain protein Asrij is required 
to maintain embryonic stem cell pluripotency.

3rd prize: Pierre-Yves Bourillot. KLF4 and KLF5 play specific 
roles in the inhibition of ES cell differentiation into extra-embryonic 
endoderm and mesendoderm.

Winners were offered complimentary Int. J. Dev. Biol. subscrip-
tions and publishing packages.

Summary

The journey home from Cardiff provided plenty of time for re-
flection, and a chance to appreciate the great distance the field 
has covered since pluripotent embryonal carcinoma cells were 
described in germ cell tumours. However, it was also obvious 
how far this area of research has yet to travel. Despite gathering 
together some of the most influential thinkers, no agreement could 
be reached as to which range of cells were truly pluripotent, and 
what stage of embryonic development the different stem cell types 
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represented. The confounding effects of speciation and heteroge-
neity still have the potential to cloud our vision, yet the illuminating 
science presented at this meeting suggests that a clearer picture 
will soon emerge. 
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