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Abstract

Background: Pluripotent cells are present in early embryos until the levels of the pluripotency regulator Oct4 drop
at the beginning of somitogenesis. Elevating Oct4 levels in explanted post-pluripotent cells in vitro restores their
pluripotency. Cultured pluripotent cells can participate in normal development when introduced into host embryos
up to the end of gastrulation. In contrast, pluripotent cells efficiently seed malignant teratocarcinomas in adult
animals. In humans, extragonadal teratomas and teratocarcinomas are most frequently found in the sacrococcygeal
region of neonates, suggesting that these tumours originate from cells in the posterior of the embryo that either
reactivate or fail to switch off their pluripotent status. However, experimental models for the persistence or
reactivation of pluripotency during embryonic development are lacking.

Methods: We manually injected embryonic stem cells into conceptuses at E9.5 to test whether the presence of
pluripotent cells at this stage correlates with teratocarcinoma formation. We then examined the effects of
reactivating embryonic Oct4 expression ubiquitously or in combination with Nanog within the primitive streak (PS)/
tail bud (TB) using a transgenic mouse line and embryo chimeras carrying a PS/TB-specific heterologous gene
expression cassette respectively.

Results: Here, we show that pluripotent cells seed teratomas in post-gastrulation embryos. However, at these
stages, induced ubiquitous expression of Oct4 does not lead to restoration of pluripotency (indicated by Nanog
expression) and tumour formation in utero, but instead causes a severe phenotype in the extending anteroposterior
axis. Use of a more restricted T(Bra) promoter transgenic system enabling inducible ectopic expression of Oct4 and
Nanog specifically in the posteriorly-located primitive streak (PS) and tail bud (TB) led to similar axial malformations
to those induced by Oct4 alone. These cells underwent induction of pluripotency marker expression in Epiblast
Stem Cell (EpiSC) explants derived from somitogenesis-stage embryos, but no teratocarcinoma formation was
observed in vivo.

Conclusions: Our findings show that although pluripotent cells with teratocarcinogenic potential can be produced
in vitro by the overexpression of pluripotency regulators in explanted somitogenesis-stage somatic cells, the in vivo
induction of these genes does not yield tumours. This suggests a restrictive regulatory role of the embryonic
microenvironment in the induction of pluripotency.
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Background

In mammals, pluripotency, the ability to generate deriva-
tives of all three embryonic germ layers, is an essential
characteristic of cells in the preimplantation and very early
postimplantation epiblast as well as their in vitro counter-
parts, embryonic stem (ES) and Epiblast Stem (EpiSC)
cells respectively. The maintenance of a pluripotent state is
mediated by the activity of a core transcriptional network
dominated by the principal pluripotency factors Oct 4,
Nanog and Sox2 (reviewed in [1]. Shortly after the start of
gastrulation, although cell fate becomes regionalised [2],
epiblast cells remain pluripotent until the beginning of
somitogenesis [3]. We have previously shown that ec-
topic Oct4 expression is the minimal requirement for
reinstating pluripotency in normally non-pluripotent
somitogenesis-stage embryonic cells explanted in vitro
in EpiSC conditions [3]. Furthermore, simultaneous
ectopic expression of only four pluripotency factors is
sufficient to reprogram embryonic fibroblasts or adult
somatic cells to an ES cell-like pluripotent state [4, 5].

A key feature of all pluripotent cells is their capacity
to seed teratocarcinomas after engraftment into permis-
sive sites in the adult such as the kidney capsule. Terato-
carcinomas comprise differentiated tissues derived from
all three germ layers as well as a self-renewing, pluripo-
tent component, embryonal carcinoma (EC) cells [6]. In
humans, teratocarcinomas and teratomas, their more
benign versions lacking obvious EC cells, are classified
as germ cell tumours as, by puberty, they mainly occur
in the testis and ovary (for a review see [7]). In neonates,
however, the majority of teratomas are extragonadal and
occur along the midline, most frequently in the sacro-
coccygeal region [8, 9]. This may indicate that primor-
dial germ cells (PGCs) initiate these tumours, as they
pass along the midline to reach the genital ridges. An
alternative hypothesis is that a somatic cell type may
acquire pluripotency resulting in teratocarcinogenesis.
The midline location of these tumours might in this case
indicate either a susceptible somatic cell type or a per-
missive environment [10, 11]. In support of the latter hy-
pothesis, ectopic Oct4 reactivation in somatic cells from
somitogenesis-stage embryos grafted to the adult kidney
capsule has been shown to induce teratocarcinoma for-
mation [3]. Furthermore, the transient induction of the
main reprogramming factors, Oct4, Sox2, Klf4 and c-
Myc in vivo drives the emergence of teratomas in a
variety of somatic cell types in the adult mouse [12, 13].
Nevertheless, injection of pluripotent cells into a com-
patible embryonic environment, the blastocyst [14] or
postimplantation embryo [15] leads to assimilation of
those cells into normal development. Thus the genesis
of teratomas/teratocarcinomas depends on the activity
of a minimal set of pluripotency factors combined with a
permissive environment.
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The predominant occurrence of extragonadal terato-
mas/teratocarcinomas in human neonates suggests that
pluripotent cells are tumour-forming even during gesta-
tion. Here we sought to define whether the mouse embryo
is permissive for teratocarcinoma formation on ectopic ex-
pression of pluripotency factors. We found that although
injected ES cells efficiently induce tumour formation in
midgestation embryos, ubiquitous or axial progenitor-
specific ectopic expression of pluripotency factors in
somitogenesis-stage embryos did not lead to the gener-
ation of tumours. Instead, severe developmental abnor-
malities occurred along the developing axis. Our findings
suggest that while the somitogenesis-stage embryonic en-
vironment can suppress the neoplastic potential of cells
ectopically expressing individual pluripotency factors,
once pluripotency is established, pluripotent cells are cap-
able of seeding extragonadal teratomas during gestation.

Results

Induction of teratomas by pluripotent cells

Manual injection of ES cell suspensions into conceptuses
(either the yolk sac or amniotic cavity) at E9.5 led to the
appearance after birth of extragonadal teratocarcinomas
in 2/3 injected pups (Fig. 1a, b) (7 embryos were injected
in total of which 5 were born and 3 pups survived to
weaning), showing that ectopic pluripotent cells can seed
teratomas during embryogenesis. No tumours were ob-
served when non-pluripotent primary somatic cells from
E8.5-14.5 embryos were injected into age-matched em-
bryos embryos (BL6 or other) (approx. 200 embryos
were assessed after birth, data not shown). Furthermore,
a survey of the literature showed that, while reports of
spontaneously occurring extragonadal teratomas are ex-
tremely rare, they can occur upon injection of ES cells
to blastocysts (9/13 reported mice). In one case, they
arose from a cell line known to harbour a large chromo-
some 8 deletion [16], a karyotypic abnormality fre-
quently encountered in ES cell lines [17]. Interestingly,
such tumours were generally found in young mice under
9 weeks old (11/13 mice; of which 8 were 1.5-4 week old
pups/weanlings). Tumours were detected in multiple
sites in the body (Fig. 1b), including two instances of tu-
mours in the tail. In humans, extragonadal teratomas
are often apparent at birth or in the early neonatal
period (Fig. 1c), and while they are also found at mul-
tiple sites, some of which overlap with those in mice, the
predominant location is at the base of the spine, in the
sacrococcygeal region. Collectively, these data indicate
that persistence of pluripotent cells after the natural
shutdown of embryonic pluripotency is likely to result in
the formation of extragonadal teratocarcinomas/terato-
mas shortly after birth and suggest that the posterior
midline (the primitive streak and tail bud) represents a
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Fig. 1 (See legend on next page.)
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