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Abstract In contrast to differentiated cells, embryonic stem
cells (ESC) maintain an undifferentiated state, have the
ability to self-renew, and exhibit pluripotency, i.e., they can
give rise to most if not all somatic cell types and to the
germ cells, egg and sperm. These characteristics make ES
cell lines important resources for the advancement of
human regenerative medicine, and, if established for
domesticated ungulates, would help make possible the
improvement of farm animals through their contribution to
genetic engineering technology. Combining other genetic
engineering technologies, such as somatic cell nuclear
transfer with ESC technology may result in synergistic
gains in the ability to precisely make and study genetic
alterations in mammals. Unfortunately, despite significant
advances in our understanding of human and mouse ESC,
the derivation of ES cell lines from ungulate species has
been unsuccessful. This may result from a lack of
understanding of species-specific mechanisms that promote
or influence cell pluripotency. Thorough molecular charac-
terizations, including the elucidation of stem cell “marker”
signaling cascade hierarchy, species-appropriate pluripo-
tency markers, and pluripotency-associated chromatin
alterations in the genomes of ungulate species, should
improve the chances of developing efficient, reproducible
technologies for the establishment of ES cell lines of

economically important species like the pig, cow, goat,
sheep and horse.
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Introduction

Embryonic stem (ES) cells (ESC), pluripotent cells with the
capacity for long-term propagation and broad differentia-
tion plasticity, were first established as cell lines from the
inner cell mass (ICM) of mouse blastocysts over two
decades ago [1]. These cells have a unique functional
feature in that upon combination with a host embryo
(chimera production) they can contribute to all tissues and
organs, including germ cells, of the resulting chimeric
mouse. As these cells are competent to form all cell types,
including extraembryonic placental tissues, they are con-
sidered totipotent or pluripotent depending on the particular
cell line or environmental context. Furthermore, they can be
clonally propagated and maintained in culture indefinitely.
These characteristics have made them an invaluable genetic
engineering tool for studying functional mammalian genet-
ics, mammalian developmental biology, and for producing
animal models of human diseases.

The establishment of ES cell lines of domesticated
ungulates, e.g., the pig, sheep, goat, cow or horse, is of
interest for similar reasons to those of mouse and human ES
cell lines. These reasons include basic research interests
such as comparative embryology and the cell biology of
ungulate stem cell maintenance and differentiation. Also,
several applied research initiatives await the establishment
of ungulate ES cell lines. These include, for example, the
creation of models of human genetic diseases and cell
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transplantation therapies. Another significant utility of ES
cell lines of domesticated ungulates is their potential use for
the precise genetic engineering of these farm animals to
improve their production traits, derived products, resistance
to disease, and “biopharming”. These research and devel-
opment goals could be accomplished through ESC chimera
technology, already well established in producing geneti-
cally modified mice [2], or by improving the efficiency of
somatic cell nuclear transfer technology that is currently
used as a means of genetically engineering ungulates [3].
The immediate problem for the scientific aspirations
mentioned above, and one of the primary subjects of this
review, is that no “proven” ungulate ES cell lines currently
exist despite the many peer-reviewed journal articles
describing ungulate ES or ES-like cell lines over the past
18 years.

The isolation and culture properties of the ungulate
blastocyst’s epiblast tissue, and its extraembryonic tissues,
trophectoderm and yolk-sac endoderm, will be discussed
below. A great deal is known about the cell culture
characteristics and molecular biology of the ESC of the
mouse, monkey, and human. Therefore, this body of
information will be reviewed for comparison to what has
been reported for ungulate blastocysts and epiblast tissue,
and it may serve as a guide for setting priorities for future
investigations of ungulate ESC biology. For example, the
various molecular markers that are used to define mouse
and primate ES cell lines will be reviewed and their
adequacy for the analysis of ungulate ES cells will be
examined. Finally, potential future approaches for the
establishment of ungulate ES cell lines and their prospects
for success will be considered.

Review of Ungulate ES Cell Line Literature

Over the past 18 years many reports of porcine, bovine,
caprine, ovine, and equine ES cell lines, or what are often
presented as “ES-like” cell lines, have been published. This
reflects the on-going interest in isolating ungulate ES cell
lines for the study of animal developmental biology, for
genetic engineering applications to rapidly improve farm
animal traits and create new biotechnologies (bio-pharming),
and for establishing animal models applicable to various
human diseases, physiological processes, and pharmacoki-
netic studies. Unfortunately, none of the ungulate cell
cultures or cell lines so far described have been definitively
proven to be ES cells, and, to our knowledge, none have
been successfully used as biological reagents in a manner
similar to that of human, monkey, or mouse ES cells, i.e.,
directed pluripotent in vitro differentiation [4, 5] or as a
means of genetically engineering a mammal through
embryonic chimera formation [2].

The early preimplantation embryo is the source of cells
that has been used for the derivation of ES cell lines. The
primordial germ cells (PGC) residing in the early genital
ridge are another source of cell lines with similar properties,
but PGC-derived ES cell lines, so-called EG cell lines, will
not be reviewed here. Two to 3 days after fertilization,
depending on the species, the mammalian embryo grows to
the morula stage which consists of about 32 cells and at this
stage the first differentiated cells have not yet formed. The
formation of the blastocyst-stage preimplantation embryo
occurs when the embryo consists of about 50 to 100 cells at
about 3–6 days post-fertilization, depending on the species.
The blastocyst has the form of a hollow ball with a solid
sphere, the inner cell mass, positioned at one end of the
inner aspect of the hollow ball. The blastocyst is composed
of only three defined cell types. The trophectoderm is the
first differentiated tissue of the developing embryo, and it
produces the blastocoel cavity by inward transport of the
fluid from the surrounding environment. The primitive
endoderm is the second differentiated cell type to form and
it covers the inner surface of the hollow ball and also forms
a cell layer of the ICM [6–9]. The source of ES cell lines is
believed to be the totipotent epiblast tissue, i.e. the solid
sphere of cells that comprises the inner aspect of the ICM
[10]. However, ES cell lines have also been derived from
morula stage embryos prior to the first embryonic differen-
tiation events in the mouse [11] and the human [12].

ES cell lines were first isolated from explant cultures of
mouse blastocyst-stage embryos or the so-called “egg
cylinder” stage that developed after one to a few days in
primary culture [13–15]. Then, more recently, ES cell lines
were established from in vivo-derived blastocysts of
monkeys [16] and the in vitro fertilized (IVF)/in vitro
cultured (IVC) blastocysts of humans [17–19]. Attempts to
create ES cell lines of the pig, goat, sheep, and horse have
most often used in vivo blastocysts acquired from the
reproductive track at various stages, i.e., early, where
blastocoel cavity formation has just occurred, or late, at
the elongated or filamentous stage blastocysts (Table 1).
Where efficient and cost effective, as in the bovine, in vitro-
produced blastocysts are commonly used as the starting
material for attempts at making ES cell lines (Table 1). In
vitro-production (IVP) usually involves in vitro maturation,
fertilization, and culture of the embryos to the morula or
blastocyst stage. Although IVP blastocysts may be altered
in terms of cell metabolism, epigenetic status, and constit-
uent cell numbers, it is probable that they will prove
competent for the establishment of bovine ES cell lines.
This conjecture seems reasonable since human ES cell lines
have usually been derived from IVF/IVC embryos (al-
though in vivo matured), and because culture of IVP-
derived bovine epiblast tissue was shown to display normal
differentiation and pluripotency [20].
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Peer-reviewed reports of porcine ES, ES-like, or ICM cell
lines have been published by at least four groups and all used
in vivo-derived blastocysts as their primary culture material
[21–30]. Putative pig ES cell lines were also isolated from
IVP pig embryos [31]. Similarly, there are several reports of
pig ES-like cell lines that were derived from the early genital
ridge tissue of the pig. These concern the isolation and
culture of the pluripotent primordial germ cells to establish
so-called embryonic germ (EG) cell lines which, in the case
of mouse and human EG cell lines, have proven to be or are
assumed to be functionally equivalent to ES cell lines [32–
35]. However, putative EG cell lines of ungulates are not the
subject of this review and are only noted for the reader’s
information. Several bovine ES or ES-like cell lines have
been reported and most of these were isolated from IVP
early blastocyst stage embryos [1, 36–42]. Caprine ES or
ES-like cell lines have been reported as well [43]. Also, a
goat EG cell line was reported by [44]. Ovine ES or ES-like
cell lines have also been reported [22]. Finally, there are two
reports of equine ES cell lines being established [45, 46].

All of the above mentioned reports of ES or ES-like cell
lines of ungulates are deficient in at least one or several
critical characteristics that define true ES cell lines. Many
of the “cell lines” have in fact been short lived cultures and
no data, such as growth curves, demonstrating the rate of
replication of the putative ES or ES-like cell cultures have
been given. Instead time in culture or the number of times
the culture was “passaged” was generally reported. Neither
time in culture or number of passages necessarily indicates
that the cells in culture are dividing or growing. Proof of
immortality over continuous culture, a key attribute of
human and mouse ES cell lines (see below), have therefore
been lacking in the reports of ungulate ES-like cell cultures.

The morphology of putative ungulate ESC is often
reported as “ES-like” but in most cases the published light
micrographs have been of such poor quality or at so low a
magnification, that evaluation of this property is difficult or
impossible. Morphological comparison to trophectoderm
and visceral endoderm cells, which can mimic ESC
morphology, have has not been performed even though

Table 1 In vitro response of porcine epiblast cells to exogenous culture factors

Cytokine or factor Response of porcine epiblast cellsa

Activin A (10–100 ng/ml) Differentiation into extraembryonic endoderm and mesodermal cellsb

Cardiotrophin-1 No apparent effectc

CNTF (10 ng/ml)+CNTF sR (10 ng/ml) No apparent effectc

EGF, TGF-α, betacellulin No apparent effectc or differentiation into neurons and glial cellsd

FGF2 (1–100 ng/ml) No apparent effectc

FGF1 (1–10 ng/ml) No apparent effectc

FGF4 (10 ng/ml) No apparent effectc

FGF7 (10 ng/ml) No apparent effectc

Heregulin1-β1 Differentiation into mesodermal cellsb

IGF-1 (50 ng/ml) No apparent effectc

IL-6 (10 ng/ml)+IL-6 sR (10 ng/ml) No apparent effectc

IL-11 (10 ng/ml) No apparent effectc

Indirubin-3′-oxime (2–20 μM) No apparent effectc

mLIF or hLIF (10–100 ng/ml) No apparent effectc

FGF2 (1–10 ng/ml+hLIF (10–100 ng/ml) No apparent effectc

LiCl (1–2 mM) Delayed differentiation into neuronal cellsd

Nodal (100 ng/ml) No effectc or neuronal cellsd

Noggin (50–800 ng/ml) Differentiation into neuronal cellsd

Noggin (500 ng/ml)+bFGF (10 ng/ml) Delayed differentiation into neuronal cellsd

Oncostatin M (10 ng/ml) No apparent effectc

Wnt3a (50 ng/ml) No apparent effectc

Porcine TGFβ (1–10 ng/ml) No apparent effectc

TGFB receptor inhibitor (SB 431542) Differentiation into neuronal cellsd

SCF (c-Kit ligand; 10 ng/ml) No apparent effectc

10% v/v Knock-out serum replacer (KOSR) or 5% FBS/5% KOSR Cytoplasmic inclusion accumulation and differentiation into neuronal cellsd

5% oxygen atmosphere Poor survival of epiblast colony

a STO mouse feeder cells and 10% Dulbecco’s modified eagle’s medium (DMEM)/199 medium culture environment [177]
b Yolk-sac endoderm as assessed by morphology and serum-protein production; parietal endoderm as assessed by morphology; fibroblasts, multi-
nucleated skeletal muscle fibers, and macrophages as assessed by morphology
c Spontaneous differentiation of the primary epiblast cultures into multiple cell types representative of neuroectoderm, mesoderm, and definitive
endoderm occurs after 48–72 h of culture; also, differentiation into the extraembryonic tissues, trophectoderm and yolk-sac endoderm possible
d Assessed by cell morphology (presence of dendrite-like and axon-like cell processes) and colony morphology (neural-rosette formation)
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the trophectoderm and visceral endoderm of ungulates is
easily cultivated on feeder cells, (see Fig. 1b) and have cell
specific gene/protein expression [47–51]. Demonstrations
of in vitro pluripotency have often only been described by
narrative. In those cases where putative differentiation was
evaluated by immunocytochemistry assays, the presented
micrographs have been of low quality, low magnification,
and lacked adequate immunological controls and cell
controls. Proof of ES-like cell differentiation based on reverse
transcriptase polymerase chain reaction (RT-PCR) data have
also lacked adequate controls or specificity, and have not
clearly demonstrated that the sample tested was free of feeder
cells. Feeder cells may contain a mixture of cell types or have
undefined gene expression profiles [52]. Demonstrations or
claims of embryoid body formation by ungulate ES-like cells
fail to differentiate these embryoid-like bodies from similar
multicellular vesicle-like bodies that are commonly produced
by the anchorage-independent growth of ungulate trophecto-
derm and visceral endoderm cells, or, for that matter, by
other polarized, dome-forming epithelial cell lines (see [15,
53] for a clear description of ESC embryoid bodies).
Teratoma formation in immunocompromised mice is a
common proof of the pluripotency of primate and mouse
ES cell lines. This in vivo demonstration of pluripotency has
never been reported for any of the putative ungulate ES cell
lines. What is commonly reported is the use of the ES-like
cell lines to produce chimeric animals by injection of the ES-
like cells into blastocyst-stage ungulate embryos or by some
related chimera-formation technique. In general, these efforts
produce animals displaying minor chimera contribution from
the ungulate ES-like cells, and in all cases cell controls were
not done, i.e., the injection or combining of somatic cells
types, like ungulate trophectoderm cells, to see what level of
chimerism they would produce. Also, the possibility of cell
fusion between the ES-like cells and the cells of the embryo
have not been considered as a possibility or controlled for.
Some ungulate ES-like cell lines were reportedly used as
nuclear donor cells to create cloned animals by nuclear
transfer [28, 41]. The use of the cells in nuclear cloning in no
way proves their ES cell character since numerous types of
fully differentiated somatic cell nuclei have proven compe-
tent for the creation of cloned animals [54, 55]. In particular,
nuclear cloned animals have also been created from
trophectoderm cells [56]. This is significant since trophecto-
derm cells are a common cell contaminant in attempts to
establish ungulate ES cell lines and are easily confused with
epiblast cells (see below).

Definition of ES Cell Lines

ES cell lines are termed continuous cell lines and as such
have the property of cell cultures that can be maintained

Fig. 1 Colony and cell morphology of a pig epiblast culture in
comparison to other “ES-like” cell cultures (×200). a Pig epiblast-
mass 24 h after attaching and spreading on STO feeder cell layer;
arrows indicate epiblast colony boundary with the feeder cells. b
Secondary culture of pig trophectoderm cells derived from a 10-day
blastocyst’s extraembryonic tissue that was obtained by physical
dissection of the embryonic disc; note the characteristic lipid droplets
in trophectoderm cells (arrowheads). Arrows indicate the trophecto-
derm colony’s boundary with the feeder cells. c Single colony of pig
epiblast-derived epithelial cell line (PICM-16) 48 h after passage.
Arrows indicate colony’s boundary with the feeder cells. The PICM-
16 cells will change their appearance dramatically (not shown) after a
few days post-passage as they spread and flatten and begin dome-
formation (fluid transport through and beneath their basal–lateral
aspect). This is morphological change associated with maturation of
the PICM-16 cell line’s phenotype and not differentiation
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indefinitely over passage, or are immortal [57, 58]. This is
in contrast with cell cultures that can be passaged for only
defined periods of time and that can be referred to as finite
cell lines [59]. The term cell line implies the maintenance of
the cell culture’s original phenotype over continuous culture
or passage, i.e., hundreds of population doublings, and also
implies a homogeneity of phenotype within the population
of cells. For example, a muscle cell line should contain only
myocytes and not myocytes and epithelial cells. For ES cell
lines this phenotypic definition is that most of the cells of
the cell line are capable of giving rise to, that is,
differentiating into, various somatic cell types representa-
tive of the three primary embryonic germ layers [13, 14].
Furthermore, they should be able to differentiate into the
germ cells, egg and sperm, [2, 60, 61] and even
extraembryonic cell types such as trophectoderm and
yolk-sac endoderm [17, 62, 63]. Also, by definition ES
cell lines must be able to self-renew as stem cells; thereby
maintaining their ability to differentiate into all cell types.

The pluripotent phenotype has been demonstrated for
mouse ES cell lines by reintroducing the ESC into the early
mouse embryo. Through this means, chimeric or entirely ES-
cell-derived offspring have been produced thus proving their
pluripotent stem cell quality [2, 64]. Although, this ultimate
proof of pluripotency is not possible with human ES cell
lines for ethical reason, their pluripotency has been shown
either by in vivo teratoma formation or in vitro differentia-
tion [4, 5, 16–18, 42]. Similar in vivo and in vitro proofs of
differentiation have been published with murine ES cells
(mESC) [13, 14, 65]. Of interest in this regard are the
recently established mouse epiblast-derived stem cells lines
(EpiSC) [66, 67]. Their epigenetic marks, gene expression
profiles, and reliance on activin A/basic fibroblast growth
factor (bFGF/FGF2) for pluripotency maintenance indicate a
similarity to human embryonic stem cells (hESC), and not
mESC. Although EpiSC pluripotency was demonstrated by
teratoma formation and in vitro differentiation as it has been
for hESC, the EpiSC did not produce viable chimeric mice
[68]. Therefore, it is hypothesized that hESC may also have
a more restricted pluripotency or, at least, ability to
successfully integrate within a developing embryo [68].

These definitive properties should not imply that ES cell
lines must remain unchanged over time in continuous
culture to be considered authentic ES cell lines. On the
contrary, as with all cell lines the population of cells that
comprise any ES cell line is subject to internal and external
selective pressures. Stochastic events that are operating in
each cell as it grows and divides will influence its
comparative survival fitness within the population and
within the given culture environment. So, by definition, as
time in culture progresses, the various properties of the
ESC population will change; for example, the fastest
growing cells will become an increasing proportion of the

population of cells over time. Some stem cell traits are
seemingly lost very early in passage; such as the ability to
create live born young that are completely ESC-derived
[64]. Over further passage, karyotypic abnormalities be-
come more common within the population and cell line
competence for germ line chimera contribution can also be
lost [2, 15]. However, lost properties definitive to ESC, can
probably be restored in many, if not all, ES cell lines by
recognizing that the cell line is a population of individual
cells and that each individual cell is phenotypically and
genotypically different, albeit by sometimes extremely
small measures. Differences between two daughter cells
have been described [69]. So, by the agency of single cell
cloning from the population of cells and screening the
clonal populations for normal karyotypes, it has been
possible to maintain the ESC character of ES cell lines
over extensive continuous culture [57, 58].

Cell Culture Properties Of ES Cell Lines

ES cell lines have similar cell culture properties regardless
of the species of origin or the tissue of origin, i.e., der-
ivation from morula stage embryos, the ICM of the
blastocyst, PGC of the embryonic genital ridge, or the
early post-implantation epiblast [66, 67]. Primary cultures
of epiblast cells also share many culture characteristics and
cellular features in common with ESC [7, 66, 67, 70, 71].
ESC have a distinct epithelial colony morphology. The cells
of murine ES cells typically grow in compact colonial
groups, or ‘nests’ of cells that often have a convex 3-D
shape and a distinct, glistening edge that meets with the
flatter feeder cells that the ESC are often co-cultured with
[15]. The ESC generally grow on top of or in between the
feeder cells. Mouse ESC colonies grow quickly to contain
hundreds if not thousands of cells per colony, and the
colonies will eventually fuse with one another to form
monolayers if there are sufficient colonies in close
proximity. If left undisturbed, i.e., not routinely passaged
every week, murine ESC will begin to spontaneously
differentiate at the periphery of the colony with the
formation of flatter, larger, and irregularly cuboidal visceral
endoderm. Later on, somatic cell types may appear in or
around the differentiating colony. Primate ESC colony
morphology is different from mESC in that human ESC are
generally flatter in appearance and spontaneous differenti-
ation tends to begin in the center of colonies if they are left
undisturbed for a week or more without passage [16, 17,
72]. Likewise, spontaneous differentiation in primary
cultures of ungulate epiblast cells tends to begin in the
center of the colony [7, 70, 20].

Cell morphology of ESC and primary cultures of
epiblast cells are very similar and they are similar across
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species (Figs. 1a and 2a) [7, 15–17, 20, 66, 67, 70, 72]. The
cells are generally uniform in size (10–15 μm in diameter)
with a round to oval shape. Perhaps their most distinct
morphological feature when viewed by phase-contrast
microscopy is their large nucleus surrounded by a narrow
band of non-granular cytoplasm. Also, most nuclei are
observed to contain one or two very large and distinct
nucleoli. Transmission electron micrographs of mESC
indicate that they usually lack or have minimal mature
complex junctions/tight junctions between adjacent cells
[15, 73, 74]. Primate ES cells are similar to mESC, but may
display some complex epithelial junctions, particularly in
the outer cells of multilayered colonies, but they appear to
lack well developed junction-associated tonal filaments in
any case [72, 75]. An ultrastructural study of the in vivo pig
blastocyst/ICM and of primary cultures of pig epiblast cells
showed that in contrast to primate and murine ESC, the pig
epiblast cells develop robust complex junctions/tight
junctions shortly after blastocyst formation [8]. The
cultured pig epiblast cells also have well-developed apical
adhesion belt structure with associated actin filament
bundles, typical of mature polarized epithelium [8]. Given
the above information, it seems probable that ungulate ES
cell lines, once established, will be most similar to primate
ESC in colony and cell morphology.

Molecular Regulation in ESC

Rapid spontaneous differentiation and an incomplete
knowledge of pluripotency factors continue to hinder the
establishment of ES cell lines of domesticated animals.
Contemporary studies have implicated the importance of a
number of cell surface markers, transcription factors and
cytokines (and their signaling pathways) in the maintenance
of pluripotency of mESC and of hESC and thus, have also
identified potential markers of “stemness” [76–80]. In mice
and primates, these factors, designated as stem cell markers,
exhibit an expression restricted to the ICM of the early
mammalian embryo, or blastocyst [81, 82]. However, in
contrast to mouse and human pre-implantation blastocysts,
ungulate blastocysts maintain an extended peri-implantation
period during which the trophectoderm grows extensively
and is remodeled [83–85]. In addition, though less
dynamic, advancement of the ICM to the embryonic disc-
stage and the initiation of gastrulation occur concomitantly
with these changes in the trophectoderm [86–88]. This
divergence in ungulate development requires dramatic
changes in gene expression profiles and may include genes
whose expression would typically be restricted to the ICM
of a mouse or human blastocyst [89]. These phenomena
indicate that putative markers must be investigated thorough-
ly in the quest of identifying a universal panel of ESC

markers applicable across species. Developing a better
understanding of the molecular biology of ESC source tissue,
i.e., the cells of the epiblast, and of ES cell lines of different
species should greatly improve our ability to distinguish
between common or species-specific pluripotency markers

Fig. 2 Primary pig epiblast cell mass cultures plated on polymerized
collagen type I thin-layer gel with Matrigel incorporated; 1:5 v/v
(×200). a Epiblast colony after 24 h in culture in DMEM/Medium 199
(1:1) with 10% fetal bovine serum (FBS) from Hyclone, Inc., Logan,
UT (10% DMEM/199) supplemented with recombinant heregulin1-β1
[(50 ng/ml), R&D Systems, Inc., Minneapolis, MN]; isolated as
previously described [7, 71]. b Epiblast colony after 12 days in culture
under noggin 800 ng/ml (R&D Systems)+bFGF 10 ng/ml (R&D
Systems)+1× ITS (Sigma Chemical Co., St. Louis, MO) in 10%
DMEM/199 medium showing differentiation into putative trophecto-
derm (arrowheads) and yolk-sac endoderm (left). c Twelve-day old
epiblast cultured under noggin 800 ng/ml+bFGF 10 ng/ml (R&D
Systems) in 10% DMEM/199 medium showing typical senescent
morphology of flattened, enlarged cells with prominent stress-fibers;
arrowheads denote fragmented nuclei
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and ESC culture requirements. A starting point has been the
comparative studies between mESC and hESC, and to some
degree blastocyst-stage embryos and their ICMs/epiblasts to
pinpoint crucial extracellular and intracellular factors/mech-
anisms that are signatures of pluripotency. Furthermore, the
development of sensitive, in-depth genomic technologies has
enabled side-by-side comparison of established ES cell lines
of human and mouse origin.

Signaling Through Extrinsic Growth Factors

Efficient in vitro propagation of pluripotent mESC or hESC
has required co-culture with feeder cells [often mouse
embryonic fibroblasts (MEF)] or the addition of exogenous
matrices and defined cytokines or growth factors [17, 90,
91]. This has not only highlighted the importance of
paracrine factors identified from cells within ESC colonies,
or from trophectoderm and endometrial tissue, but it has
also enabled the discovery of other factors and cellular
signaling cascades important for the maintenance of ESC
pluripotency and replication. So far, autocrine and/or
paracrine signaling through leukemia inhibitory factor
(LIF), fibroblast growth factors, insulin-like growth factor-
1 (IGF1), transforming growth factor-beta (TGFB) family
members, and WNT pathway members exhibit key roles in
the maintenance of pluripotency and replication of ESC.

LIF/interleukin-6 signaling The LIF ligand, a member of
the interleukin-6 family, initiates an intracellular signaling
cascade by binding the heterodimerized leukemia inhibitory
factor receptor (LIFR): gp130 [a.k.a. interleukin-6 signal
transducer (ILST6)] receptor complex or homodimerized
gp130 [92]. Either trimeric ligand:receptor complex can
induce the intracellular stimulation of the Janus kinase non-
receptor tyrosine kinase (JAK) and amplify signal trans-
duction through the activation of downstream targets [79,
93, 94]. One factor in particular, signal transducers and
activators of transcription 3 (STAT3), stimulates c-myc
transcription factor (MYC), suppressor of cytokine signal-
ing (SOCS) gene, a STAT antagonist, and zinc finger
protein-57 (ZFP57) [80, 95]. While ZFP57 bioactivity is
dispensable for maintenance of mESC characteristics, MYC
is important for the self-renewal of mESC through the
inhibition of differentiation [80, 95]. The Kruppel-like
family member 4 (KLF4) is another factor that responds
to LIF signaling and has a role in self-renewal of mESC,
although, its regulatory mechanism has not yet been clearly
defined [96, 97].

The in vivo expression profile of LIFR in the mouse
blastocyst is consistent with that of a pluripotency factor;
LIFR and gp130 are expressed solely in the pluripotent cells
of the ICM whereas LIF is expressed in the surrounding
trophectoderm [82]. The importance of LIF signaling in the

maintenance of pluripotency is corroborated by the require-
ment for LIF in feeder-free mESC culture [78, 90, 93, 98]
and by functional studies that interrogated LIF signaling at
specific signal transduction levels, i.e., receptor, STAT3,
and c-myc activation [77, 80, 99]. However, development
of LIF, LIFR, or gp130 null embryos beyond gastrulation
indicates that LIF signaling is dispensable for in vivo
development of the ICM in mouse [100, 101]. More to the
point, LIF and LIFR as universal markers of “stemness” in
species other than the mouse has not been demonstrated. In
the human blastocyst, LIFR transcript expression is
ubiquitous and ILST6 alone is restricted to the ICM
[102]. However, LIF receptor expression and its role in
primate ESC are not clear. Analyses of primate ES cell lines
have shown a functional LIF/JAK/STAT3 pathway in both
human and monkey ESC [103–105]. In contrast, other
studies have indicated that the LIF heterodimeric receptor
components and downstream factors are either not detected
or present at trace levels [106, 107]. In keeping with this
observation, mRNA for SOCS, an antagonist of LIF
signaling, is up-regulated. Similarly, LIFR transcripts have
been detected in undifferentiated porcine ICMs and in 24 h
cultured, undifferentiated epiblast tissue, but not consis-
tently [71], whereas LIFR expression has not been found in
porcine ES-like cells [108]. Artifactual LIFR expression
patterns may also exist as a consequence of the influence of
components in the culture system [109, 110]. In specific
functional analysis, however, LIF has shown no efficacy in
maintaining the pluripotent state of ESC in any species but
the mouse [17, 105, 108]. These observations indicate that
LIF has a role in development, but not as an essential in
vivo “stemness” factor. Furthermore, the differences in
LIFR expression patterns also highlight potential species-
specific differences and possible perturbations of the
normal development process induced by in vitro culture.

TGFB superfamily signaling The TGFB family is a super-
family of about 40 different pleiotropic growth factors with
biological activities vital for conceptus development.
Family members including TGF-beta-1 (TGFB1), bone
morphogenetic proteins (BMPs), growth/differentiation
factors, noggin (NOG), activin A [a.k.a. inhibin beta A],
and nodal homolog (NODAL) have all been implicated in
the control of stemness in ESC [111]. In the classical
pathway, related but distinct heterodimeric receptors for
TGFB1/activin A and BMPs transduce an intracellular
signal to specific subsets of mothers against decapentaple-
gic Drosophila homologs (SMAD). The SMAD proteins
regulate the transcription of downstream target genes such
as NODAL and induction of inhibitor of DNA binding
proteins (ID) [111, 112].

Under in vitro culture conditions, NODAL, TGFB1, and
activin A promote pluripotency and self-renewal of hESC
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[111]. Activin A has a dual role. It antagonizes the BMP4
pathway that would otherwise stimulate hESC differentiation
and also mediates NODAL expression, which is apparently
important for the maintenance of pluripotency in hESC [111,
113–115]. Additionally, another mechanism to inhibit
BMP4-directed differentiation is mediated by the BMP4
antagonist, NOG, in concert with basic fibroblast growth
factor [116]. In contrast to hESC, mESC require BMP4 for
their maintenance of pluripotency. In vitro self-renewal of
mESC under serum-free and feeder-free conditions is
retained only through exogenous BMP4 supplementation to
initiate SMAD/ID signaling and in conjunction with activa-
tion of the LIF/STAT3 pathway [78]. Signaling through the
TGFB family appears to be important in mESC and hESC,
but whether their divergent pathways have common steps
remains unclear. Much less is known about the importance
of TGFB factors in ungulate ES cells. However, our recent
study demonstrated that teratocarcinoma-derived growth
factor 1 mRNA, but not BMP4, is present in undifferentiated
epiblast cells through the first 48 h of culture before its
expression wanes with the onset of morphologically apparent
differentiation [71]. Also, neither activin A nor NOG
abrogates porcine and equine epiblast differentiation indicat-
ing stimulation of activin signaling or inhibition of BMP4
alone is not effective in ungulate ESC pluripotency
maintenance (Table 1, unpublished observations).

FGF and cooperative signaling with insulin-like growth
factor-1 To date, about 22 different FGF proteins have been
identified that elicit an intracellular response through four
known FGF receptors (FGFR1, FGFR2, FGFR3 and
FGFR4). FGF2 has been identified as a growth factor
produced by MEF feeder cells and is important for the self-
renewal of hESC, particularly, under feeder-free conditions
[58, 117]. In depth genomic studies have shown the presence
of FGF2, FGFR1, FGFR3 and FGFR4 in hESC, a stark
contrast to mESC where only FGF4 and trace FGFR1 are
detected [107]. Although the mechanism by which FGF2
exerts its effect on hESC is unclear, a recent study by
Bendall et al. 2007 [118] provided a potential explanation.
Within the heterogeneous population of hESC, it was
determined that “true” hESC, i.e., those expressing the
pluripotent marker OCT3/4 (a.k.a. POU5F1), possessed
IGF1 receptors (IGF1R) but did not possess receptors for
FGF2 (FGFR1). Instead, FGFR1 was expressed in a
subpopulation of hESC-derived fibroblast-like (hdF) cells
coexisting with the true hESC. In response to FGF2, the
FGFR1+ hdF cells released IGF2 which bound IGF1R on the
hESC surface to promote the true hESC’s pluripotency and
self-renewal. Medium supplementation with IGF2 alone
mimicked the phenomenon. This suggests hESC reside in a
microenvironmental niche where FGF2, though important,
acts indirectly to stimulate the secretion of a secondary

effector molecule, in this case IGF2. However, the impor-
tance of FGF proteins or the existence of similar functional
niches in species other than mouse and human remains to be
described.

WNT/β-catenin (CTNNB1) signaling The WNT protein
family consists of 19 known members that are involved in
embryonic development processes including cell fate [119,
120]. Intracellular signaling by WNT proteins is initiated
through their association with a Frizzled protein receptor
(Fz) and low density lipoprotein (LRP5 and LRP6)
complex. Intracellular modulation of downstream interme-
diate proteins, such as the inactivation of glycogen synthase
kinase 3-β (GSK3B), initiates the stabilization and accu-
mulation of catenin beta 1 (CTNNB1). In turn, CTNNB1
translocates to the nucleus where it associates with T-cell
factor/lymphoid enhancer factor family transcription mem-
bers to regulate the transcription of WNT responsive genes
like NANOG and MYC [121, 122]. Although other
membrane proteins exist that can mediate the WNT signal,
the classical and prominent pathway involved in the
determination of cell fate, occurs through the Fz/LRP
receptor complex [119, 120].

The importance of the WNT signaling pathway in
maintaining cells in a less differentiated state has been
implicated in several types of stem cells including ES cells
[120, 123]. Several studies have indicated that CTNNB1 is
vital for the pluripotency of mESC or hESC and that the
WNT pathway is functional in ES cell lines [107, 124, 125].
Additionally, under feeder-free conditions mESC and hESC
self-renewal and the expression of pluripotency factors
[OCT3/4, NANOG and ZFP42 (a.k.a. Rex-1)] require the
inhibition of GSK3B and up-regulation of CTNNB1 [124].
Yet even though WNT signaling is likely important, alone,
it is not sufficient to maintain hESC renewal [126] and may
not be functional in all ES cell lines [107].

Role of Intrinsic Factors

The evaluation of ESC has identified a diverse number of
transcription factors whose expression correlates with
stemness and thus have been designated pluripotency
markers. Common to the pluripotent cells of the mouse
and human ICM are the expression of the enzyme alkaline
phosphatase and the transcription factors, OCT3/4,
NANOG, SOX2 and ZFP42 [127–130]. At one time,
OCT3/4 was considered to be the master-regulator of
pluripotency in mESC, but the inability of OCT3/4 to
maintain stemness in mESC independent of the LIF
pathway, indicated pluripotency control is not monogenic
and highlights the importance of other crucial factors [62].
A core group of pluripotency factors, OCT3/4, SOX2 and
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NANOG, have been identified through expression and
promoter studies [127–130]. In the mESC, OCT3/4 and
SOX2 act synergistically to regulate NANOG as well as
their own expression [127]. Similarly, in hESC, OCT3/4
promotes the expression of multiple factors belonging to
key signaling cascades including FGF, TGFB, WNT, and
extracellular matrices, while suppressing the expression of
lineage-specific factors [130]. A recent study suggested that
the T-cell lymphoma breakpoint 1 (TCL1), T-box 3 protein
(TBX3, a transcription factor) and estrogen-related recep-
tor-beta (ESRRB, a nuclear receptor) should be added to
this select group of pluripotency factors [131]. Utilizing
RNA interference, a cooperative scheme between the six
components (i.e. OCT3/4, SOX2, NANOG, TCL1, TBX3
and ESRRB) was proposed that inhibits differentiation of
the ESC to the three primordial germ layers [131].

However, the mere presence or absence of a putative
pluripotency marker is not the sole determinant; tight
transcriptional control to maintain a critical expression
level of a pluripotency factor is a requirement for the
continuation of ESC pluripotency. For example, functional
studies demonstrate that OCT3/4 mRNA over expression
and OCT3/4 transcriptional suppression results in mESC
differentiation to endoderm/mesoderm and trophectoderm,
respectively [62]. Furthermore, a variation in the expression
pattern across the ICM, endoderm (hypoblast), and tro-
phectoderm between multiple species, including ungulates,
exists. A couple of examples are OCT3/4 and NANOG.
The restricted ICM expression of OCT3/4 in mouse is
absent in human, cow, pig or goat blastocysts where OCT3/
4 is present within ICM and trophectoderm [89]. In swine,
analyses of the expression of NANOG, OCT3/4, ZFP42,
SOX2 within epiblasts, endoderm, epiblast-derived differ-
entiated cells and adult tissues demonstrated NANOG was
ubiquitous whereas OCT3/4 and ZPF42 expression was
restricted almost solely to the undifferentiated epiblast [71].
These types of observations highlight the need to carefully
screen an array of putative pluripotency candidates and
perhaps define the critical expression level relevant to each
species.

Epigenetic Regulation of Chromatin

The quest for common ESC signatures and the lack of
consensus between data sets, i.e., with respect to signaling
cascades or pluripotent marker expression, across cell lines
or species, has led to the characterization of the more
essential genetic core, chromatin. The maintenance of
genome plasticity and control of chromatin dynamics is
essential for retaining cell characteristics, including those of
the ESC. Genetic information important for the initiation,
preservation, and propagation of the diverse gene expres-
sion profile of each cell is stored and organized within the

chromatin. Furthermore epigenetic alterations, i.e., heritable
non-Mendelian modifications of chromatin that do not
affect the primary structure of the DNA, enable gene
expression patterns that direct developmental programs and
concomitantly maintain the appropriate fate of cells.
Epigenetic regulation of chromatin occurs through alter-
ations in chromatin associated proteins or the direct
modification of DNA, and, thereby, change the chromatin
structure that ultimately governs the transcriptome profile
and functional status of a cell. Nuclear cloning provides
evidence that the cytoplasmic content of ESC contains
sufficient regulatory information to reprogram somatic cell
chromatin to a totipotent embryonic-like state [132].

Loss of pluripotency by the ESC is initiated by the
reorganization of chromatin and the induction of gene
expression that directs a lineage-specific differentiation and
cell fate [133–136]. Epigenetic phenomena are often
triggered by changes in environmental factors; in the case
of ESC, removal from its normal development niche to in
vitro culture. In general, the chromatin of the ESC is
maintained in a euchromatin permissive transcriptional
state. However, with the onset of differentiation, there is a
transition to a more heterochromatin non-permissive tran-
scriptional state and a decrease in genome plasticity. The
euchromatin state of the ESC genome requires precise
transcriptional control of factors that promote pluripotency
and repress differentiation. The eukaryotic genome is
packaged and regulated by distinct proteins that modulate
not only chromatin’s structure and stability but also its
association with transcriptional machinery; these include
proteins that modify structural proteins post-translationally
and genomic DNA [134]. Thus, the overall chromatin state
may be a good indicator to evaluate the cell’s propensity to
remain pluripotent.

Members of the histone protein family modify chromatin
structure through their role as a core component of the
chromatin nucleosome (histones: H2A, H2B, H3 and H4)
or nucleosome linker (histone: H1). Compared to somatic
cells, histones are more loosely associated with chromatin
in ESC to allow the reorganization/opening of chromatin
[134]. In addition, pro- or anti-transcriptional activities of
H3 are regulated by post-translational modifications that
enable H3/DNA interaction with transcriptional regulatory
proteins [137, 138]. Among these modifications, histone
trimethylation in concert with DNA methylation is thought
to define epigenetic programs [139].

Central to the regulation of histone methylation and
chromatin transcriptional activity are members of the
polycomb group (PcG) and trithorax group (txrG) protein
families. The PcG and txrG families consist of several
classes of proteins, most conserved from drosophila to
human, that exhibit repressive or activating transcriptional
properties important for ESC identity, cell proliferation,
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genomic imprinting [138, 140, 141]. Regulatory PcG
response elements (PRE) and txrG response elements
(TRE) within chromatin recruit the PcG and txrG factors
[138]. Though the mechanism(s) of action for PcG and txrG
proteins is not elucidated fully, it is known they form
multimeric complexes with specialized functionality, in-
cluding histone-specific methyltransferase activity [142,
143]. The polycomb repressive complex 2 (PRC2) cata-
lyzes trimethylation of H3 at lysine 27 (H3K27me3) [142],
whereas several distinct txrG multimeric complexes cata-
lyze trimethylation of H3 at lysine 4 (H3K4me3) [143]. In
the mammalian genome, H3K27me3 monovalently marked
promoters, i.e. promoters that contain only H3K27me3, are
associated with transcriptionally silenced genes [137, 144]
whereas the H3K4me3 monovalent marked promoters are
primarily linked with actively transcribed genes [145].
Functional studies with hESC indicate PcG complexes
have a role in cell fate determination [146]. The importance
of the PRC2 complex is further substantiated by the
inability of mESC to be established from murine blasto-
cysts with a disrupted PRC2 complex and the preferential
activation of PRC2 target genes during ESC differentiation
[141, 147]. This suggests that chromatin marks regulate
gene silencing vital for the undifferentiated state of mESC.

In addition to the modification by histones, the 5′
regulatory regions of the chromatin are altered by the
methylation of unique cytosine–phosphate–guanine (CpG)
dinucleotides domains within the DNA. Methylation of the
clustered CpG dinucleotides, or CpG islands, is catalyzed
by DNA methyltransferase and results in the addition of a
methyl group to the cytosine of the CpG dinucleotide.
These methyl groups within the CpG islands serve as a
transcription silencing cue by their recruitment of methyl
binding transcription repressor proteins [148]. Consistent
with the thought that ESC are in a pro-transcriptional state,
restriction analysis-based methylation profiling indicates
the genome of mESC and hESC are hypomethylated in
comparison to differentiated somatic cells [149, 150].

A recent study of chromatin status over 17,000 promoters
highlights the interplay between histone and DNA methyla-
tion in ESC [136]. Typically CpG-rich promoters are
associated with ubiquitous housekeeping genes or genes
involved in complex developmental processes. In contrast,
CpG-poor regulatory regions are often found in tissue-
specific genes. In the mESC, CpG-rich promoters are
significantly enriched for H3K4me3, however, this does not
mean they are all active. Approximately 22% of the CpG-
rich promoters contain bivalent marks, i.e., they contain
PREs and TREs, and thus, recruit PcG and txrG complexes
concomitantly or exhibit temporal regulation of the marks
[136, 151]. The anti-transcriptional influence of H3K27me3/
PcG complexes supersedes that of H3K4me3 in bivalent
marked promoters to preferentially silence transcription [133,

151]. Interestingly, bivalent marks are found in the promoters
of many genes encoding key transcription factors, morph-
ogens, or cell-surface factors that direct highly intricate
developmental processes, such as embryonic development.

Comparisons of the epigenetic profile of ESC, lineage-
specific stem cells, and differentiated somatic cell types
indicate that the ESC possess a distinct profile [133, 151].
Aside from the increased euchromatin and hypomethylated
CpG islands in ESC, regions of the chromatin that contain
early embryonic development and neural-specific genes
replicate earlier in ESC than in differentiated cells. In
addition, the level of H3K4me3 associated with regulatory
regions is often greater in the ESC [136]. Furthermore, the
monovalent state may be reversed with differentiation as is
the case with SOX2; in ESC the SOX2 promoter is marked
by H3K4me3 alone, whereas in MEF, H3K27me3 is the
sole mark [136]. Interestingly, bivalent marking seems to
permit lineage-specific genes to exist in a semi-permissive
transcriptional state in ESC and serve as a prompt for
ensuing activation upon differentiation [133, 136]. With the
initiation of ESC differentiation, many of the bivalent
marks in CpG-rich elements are modified to a monovalent
status and some promoters lose both marks, and, as a
consequence, exhibit very low expression [136]. Thus,
bivalent marking of chromatin, in particular, appears to be a
critical level of regulation in the divergence of pluripotency
to lineage commitment and is worthy of further character-
ization to pinpoint common stemness chromatin signatures
across species, including ungulates.

Advances in the Control of Pluripotency

Though not complete, integration of information gained
through characterization of mouse and human ESC pluri-
potency has enabled functional genomic studies to pinpoint
key signatures and regulatory mechanisms. This helped
lead to the first successful reprogramming of a somatic cell
(MEF) to an ESC-like state utilizing retroviral constructs to
express factors from three distinct functional groups, i.e.,
ESC transcription factors, growth or tumor-related genes,
and ESC-specific factors with undefined function [152]. By
testing the expression of different combinations of proteins,
two transcription factors, OCT3/4 and SOX2, and two
tumor-related factors, MYC and KLF4, were found to be
crucial for generating so-called induced pluripotent stem
cells (iPSC) from the mouse fibroblasts. The dedifferenti-
ation phenomenon induced by this panel of factors is
reproducible and conserved between human and mouse
cells [153]. Functional in vivo studies of iPSC demonstrat-
ed that they have achieved a pluripotent state. The iPSC
were able to differentiate into cells representative of all
three primordial germ layers and were able to generate
germline chimeric offspring [152, 154, 155]. Recent studies
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also show that exogenous MYC is dispensable for the
induction of iPSC in mouse and human fibroblasts,
however, endogenous expression of MYC indicates that it
is still an important factor [155, 156]. This advance of
potentially profound consequences leaves many unan-
swered questions, however. Only a small portion (0.1%)
of the somatic cells is induced into iPSC even though a
much greater portion of the cells are successfully trans-
duced with apparently functional copies of the retroviral
gene constructs. This would suggest that some cells are
incapable of being reprogrammed, at least with this
particular set of pluripotency-related genes. Furthermore,
the requirement of different culture conditions for the
establishment of mouse and human iPSC and their
distinctive phenotypes indicate that additional undefined,
species-specific signaling pathways are effected by essen-
tial, extrinsic components of the medium [154].

Reprogramming of either mouse or human somatic cells
exhibits unique features. Expression of the exogenous
genes from the retroviral constructs is transient but the
ESC-like phenotype and up-regulated expression of pluri-
potency factors persists, which suggests chromatin has been
restructured and its signatures reprogrammed [152, 153].
Though the exact mechanism by which reprogramming
occurs is not known, MYC and KLF4 proteins are thought
to be key players in the restructuring of chromatin via
histone modification; this would enable OCT3/4 and SOX2
proteins access to the promoter regions of genes that drive
pluripotency and self-renewal of ESC during the induction
of pluripotency [152]. Analysis of various levels of the
transcriptional mechanism in iPSC indicate the chromatin
signatures, i.e., DNA demethylation and chromatin trime-
thylation patterns of promoters, for OCT3/4, SOX2, and
NANOG were more similar to an ESC than the parental
MEF cell [135, 152, 154]. This observation is in keeping
with the up-regulation of endogenous OCT3/4, SOX2,
and NANOG, and is most likely important for the long-
term maintenance of the iPSC in the ESC state [152, 154,
156]. Defining the core circuitry that induces dedifferenti-
ation of a somatic cell to an ESC state has significant
application for devising ESC-based interventions for
human therapeutics. If relevant to other animals, this
knowledge could help in the establishment of ES cell lines
of ungulates.

Approaches and Challenges in the Establishment
of Ungulate ES Cell Lines

The establishment of ungulate ES cell lines, either from in
vivo or IVP blastocysts carries many known and unknown
challenges. Approaches to the problem may involve
innovative genetic manipulation techniques such as targeted

cell ablation [157], ectopic expression of pluripotency
factors (see above), or gene expression knock-down.
Otherwise, more empirical or observation-based experi-
mental approaches such as traditional cell culture manip-
ulations may still provide a solution to the problem. The
key to ungulate ES cell line establishment, or at least an
appreciation of the problem’s possible complexity, should
come from comparative genomic and transcriptomic
studies being done with mESC, hESC, EpiSC, EGC,
spermatogonial stem cells, somatic stem cells, and the
analysis of ICM and epiblast tissues [71, 76, 82, 158,
159]. The knowledge gained from these studies will
hopefully highlight specific genetic factors or signal
transduction pathways that will enable the design of genetic
interventions or cell culture environments that will yield
stable, i.e., self-renewing, continuous cultures of ungulate
ESC.

An initial problem in the isolation and culture of ungulate
ESC is in recognizing contaminating cell types in the
primary culture of the blastocyst or ICM that may be
confused with epiblast cells. Of the three cell types present in
the preimplantation mammalian blastocyst, trophectoderm,
primitive endoderm and epiblast, it is the epiblast cells that
are the source of ES cell lines [10]. When the entire
blastocyst is used to initiate a primary culture, trophecto-
derm, endoderm, and epiblast cells may all survive and grow
in the culture. When the trophectoderm cells are lysed by
immunodissection (treatment with antibodies and comple-
ment) to isolate the ICM, the visceral endoderm survives
along with the epiblast tissue (Fig. 3) [7, 51, 160] and,
particularly with sheep and bovine blastocysts, trophecto-
derm cells can often survive the procedure ([20]; unpub-
lished observations). Similarly, physical dissection methods
for isolating the ICM should be assumed to always leave
viable trophectoderm cells attached to the ICM. So, as with
mouse and human primary blastocyst or ICM cell cultures,
trophectoderm and endoderm cells may be mistaken for ESC
and are in one sense “weeds” in the primary culture [15,
7, 70]. This is particularly true with ungulate cells since their
trophectoderm and visceral endoderm are very resilient
epithelial cells that grow rapidly in feeder-cell co-cultures
[7, 20, 47–51]. Although the cell morphology of ungulate
trophectoderm and endoderm is distinctly different from that
of primary ungulate epiblast cells (Figs. 1 and 2), and from
each other, to the unpracticed eye they may appear
indistinguishable. Therefore, as an essential control, it is
important that putative ESC of ungulates be tested for
markers of trophectoderm or visceral endoderm cells. For
example, a definitive marker of bovine, caprine, and ovine
trophectoderm is the expression of interferon-tau [48–50].
For visceral endoderm, a specific marker (with the exception
of hepatocytes) is the expression of serum proteins such as
alpha-fetoprotein and transferrin (Fig. 4) [48, 51, 160]. Also,
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it is important to appreciate the fact that these two cell types,
like other polarized or “dome-forming” epithelial cells, will
make “embryoid-like” bodies if grown without attachment to
a solid cell culture substrate. These and other properties of
ungulate trophectoderm and endoderm such as the expres-
sion of molecular markers should be carefully evaluated. For
example, there are reports of OCT3/4 expression in bovine
trophectoderm and probably endoderm [9, 161, 162]. In our
laboratory, OCT3/4 expression has been detected in porcine
endoderm cell lines by RT-PCR and by immunocytochem-
istry in the trophectoderm cells of the 11-day porcine ovoid
blastocyst [89]. Investigators attempting to derive ES cell
lines of ungulates should, therefore, be thoroughly familiar
with the in vitro morphology and gene expression of these
extraembryonic tissues and should provide proof that
the cells they are claiming to be ESC are in fact not
trophectoderm or endoderm.

Other contaminating epithelial cells that might be
confused with ESC can also occur. The spontaneous
differentiation of the primary epiblast cells to epithelial cell
types is rapid and common (Fig. 5) [7, 20]. These
differentiation events may go unnoticed by the inexperi-
enced investigator because the epiblast cells can be
underneath the primary trophectoderm or endoderm out-
growths where they are obscured from view or go
unrecognized as epiblast cells. Many epithelial cells grown
on fibroblast feeder-cell monolayers can look “ES-like”,
especially shortly after passage, e.g., fetal kidney epithelial
cells that are often confused with primordial germ cells for

Fig. 3 Isolation of inner cell masses by immunodissection from 10-
day porcine embryos (blastocysts). a Low power photomicrograph of
several freshly isolated porcine ICMs (~ ×40). Note the large amount
of attendant endoderm cells (monolayer) attached to the epiblast mass
at one end as indicated in b (×200)

Fig. 4 Example of the effect of different feeders on protein
expression. a 2-D gel separation of serum-free medium conditioned
for 72 h by pig endoderm cells (PE-7 cell line) grown on STO feeder
cells. Note the expression of numerous serum-proteins that are
indicative of yolk-sac endoderm cells. b A 2-D gel of conditioned
medium from a second culture of PE-7 cells grown in parallel but with
feeder cells of primary CF-1 mouse embryonic mouse fibroblasts.
Note the almost total lack of expression of all serum-proteins accept
for apolipoprotein A1 in the culture
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this reason and because kidney epithelial cells express
alkaline phosphatase (AP) at high levels [163; unpublished
observations]. This ES-like morphology is more pro-
nounced if the feeder cells are prepared at a relatively high
density. Figure 1c shows a pig epiblast-derived epithelial
cell line that exhibits an ES-like morphology shortly after
passage and in some cases these epithelial cells may be AP
positive [7, 20, 70].

Finally, the feeder-cells themselves may be a source of
confusion in the identification and proof of ungulate ES cell
lines. STO feeder cells, for example, are very pleomorphic
and may take on the appearance of various cell types. Most
notably, it is common for STO feeder cells to adopt the
morphology of oligodendrocytes, astrocytes, or neurons,
particularly if they are exposed to various members of the
fibroblast growth factor family of growth factors (Fig. 6).
The use of rodent or ungulate primary fetal fibroblasts as
feeder cells necessarily introduces many different types of
cells into an ESC-derivation culture system. For example,
macrophages can be as much as 50% of the “fibroblast”

population in the early passage mouse fibroblast cultures
that are routinely used for preparing feeder cells [52]. It
might also be that neurons, myocytes, endothelial cells, and
somatic stem cell, such as hematopoietic stem cells, are
present among the fibroblasts that comprise a primary or
early secondary culture used for making feeder cells. While
these cells are usually rendered non-dividing by treatment
with mitomycin C or gamma radiation, the very real
possibility of their presence must be considered in the
interpretation of the very sensitive RT-PCR assays that are
so commonly performed as proof of pluripotency.

Another challenge for the establishment of ungulate ES
cells is the ability to effectively dissociate epiblast cells
from one another. Typically cells are separated from one
another by treatment with enzymes (trypsin, collagenase,
pronase) or in combination with chemical agents such as
ethylenediaminetetraacetic acid (EDTA), ethylene glycol-
bis(β-aminoethyl ether)-N,N,N=,N=-tetraacetic acid, cit-
rate, or Ca++/Mg++-free phosphate buffered saline (PBS).
By these treatments a suspension of individual cells is

Fig. 5 Examples of spontaneous differentiation of primary pig epiblast
cultures grown on STO feeder cells. (×200). a Light micrograph of a
TEM thick-section of a 6-week old pig epiblast culture showing typical
spontaneous differentiation consisting of an epithelial layer (arrow-
heads) over top of mesodermal cells (arrows). b Example of a with a
yolk-sac endoderm epithelial differentiation and outgrowth (black
arrowhead indicate the endoderm/feeder cell boundary) with macro-
phages (often in small clumps; arrows) crawling out from beneath the
endoderm monolayer. Epiblast was cultured in 5% Knock-out Serum
Replacer (Invitrogen/Gibco, Gaithersburg, MD)+5% fetal bovine

serum (FBS; Hyclone, Inc., Logan, UT) supplemented with activin
A 50 ng/ml+heregulin1-β1 100 ng/ml (R&D Systems, Inc., Minne-
apolis, MN). c Epiblast differentiation into neuroectoderm (arrows
indicate neural rosette formations); cultured in DMEM/Medium 199
(1:1) with 10% FBS (10% DMEM/199) supplemented with recombi-
nant noggin [R&D Systems, (10 ng/ml)]. d Multi-nucleated skeletal
muscle fibers (arrows) forming from myocytes that migrated out from
underneath a yolk-sac endoderm monolayer; epiblast was cultured
10% DMEM/199 with activin A 10 ng/ml (R&D Systems)+1× ITS
(Sigma Chemical Co., St. Louis, MO)
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created so that the cell culture can be “passaged”, that is,
the population of cells can be subdivided for further
growth, growth being inhibited if the cells are crowded
together. However, and most importantly, the dissociation
into single cells breaks down the cell-to-cell signaling that
fosters stem cell differentiation. Thus, the routine passage
of the cell population helps maintain the pluripotency of the
ESC population over time. Species differences appear to
exist in the ease with which ESC can be separated into a
single cell or near single cell suspension.

The dissociation of primate ESC into single cell
suspensions is a complicating factor in the continuous
culture of these cell lines. Enzymatic and chemical
dissociation of human or monkey ESC typically give
replating efficiencies of less than 1% ([72]; personal
communication, J.A. Thomson). In contrast, mESC are
commonly dissociated by treatment with trypsin–EDTA for
routine passage and maintenance of pluripotency, and their
plating efficiencies are usually 20% or greater [15]. This
also makes mESC more amenable to techniques basic to

their use in creating genetically engineered mice, such as
efficient colony-cloning and blastocyst injection [2]. Dis-
sociation of the primary blastocyst or ICM culture used to
establish monkey or human ES cell lines can be particularly
troublesome in terms of cell survival and a careful physical
dissociation (microdissection and micropipette aspiration)
of the primary colony into small groups of cells is often
performed [16, 17]. Again, in contrast, primary colony
outgrowths of mouse ICMs or blastocysts are usually
dissociated with trypsin–EDTA treatment in combination
with mechanical manipulation to start off the secondary
passage and establishment of the ES cell lines ([15];
personal communication, C.L. Stewart).

The sensitivity to cell-to-cell dissociation is even more
pronounced in the epiblast cells of ungulates. Primary
cultures of alkaline–phosphatase-positive, undifferentiated,
ungulate epiblast cells prepared by the successive immu-
nodissection, culture, and physical-dissection method [7,
20] are extremely sensitive to lysis by either physical
manipulation, withdrawal of calcium, or exposure to
trypsin–EDTA (unpublished observations; [8]). Primary
cultures of pig epiblast cells, for example, will rupture
and lyse after only 5 min exposure to Ca++/Mg++-free PBS
with the cells completely disintegrating in 30–60 min. This
inability to dissociate the ungulate epiblast cells from one
another is a critical problem for the two reasons outlined
above. First, the subdivision and expansion of the culture is
rendered impossible, and second, but just as importantly,
the cell-to-cell communication that precipitate differentia-
tion of ESC is not possible to interrupt. Ungulate epiblast
sensitivity to dissociation is so pronounced that, indeed, it
can be used as a marker for the cells. That is, in stark
contrast, colonial outgrowths of ungulate trophectoderm or
visceral endoderm cells are very resistant to dissociation by
PBS or trypsin–EDTA, and they are not prone to the rapid
and catastrophic lysis that occurs with ungulate epiblast
cells [48]. Further study to address this problem will
probably be necessary for the successful establishment
and manipulation of ungulate ESC. For example, we have
noted that pig epiblast cells can be viably dissociated from
each other if saline is used instead of PBS and if a rapid
reattachment of the dissociated cells to a solid substrate is
fostered (unpublished observations). It can only be hoped
that the yet undiscovered cell culture conditions that will
enable the growth and maintenance of ungulate ESC, or the
induction of ungulate iPSC by ectopic pluripotency gene
expression, will render changes in the cells that will make
their subculture and passage at least as efficient as primate
ESC.

Perhaps the most significant problem inherent to the
establishment of ungulate ES cell lines is the inability to
control the spontaneous differentiation of ungulate epiblast
cells in culture (Fig. 5) [7, 20]. Microscopic observation of

Fig. 6 STO feeder cells mimicking the morphology of a an oligoden-
drocyte (arrow) and b neuronal dendritic processes (arrowheads)
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changes in cell morphology, a loss of alkaline phosphatase
activity [7, 20, 70], and the downregulation of pluripo-
tency-associated transcription factors [71] indicate that
differentiation events begin from 48–96 h post-plating of
the pig epiblast cell mass. Larger initial colonies of epiblast
cells tend to differentiate sooner and the smallest, consist-
ing of 20 or fewer cells, usually become senescent and
slowly die off ([7]; unpublished observations). Concurrent
with these initial differentiation events, many of the
resulting cell types now tolerate disaggregation by tryp-
sin–EDTA [7, 20]. The LIF/gp130, bFGF2, NOG, activin
A/NODAL pluripotency maintenance mechanisms appear
to be either not operating or are insufficient for stopping
this spontaneous differentiation in the ungulate ICM or
epiblast primary culture (see Table 1) [7, 20, 71, 164].
However, further tests in alternative cell culture environ-
ments containing other growth factors, hormones, feeder-
cells, or specific chemical inhibitors of differentiation signal
pathways might yet be found to maintain the pluripotency
of ungulate ESC [165, 166]. For example, a recent report
claims that activation of the WNT signaling pathway using
a specific inhibitor of GSK3B, 6-bromoindirubin-3′-oxime
(BIO), maintains the pluripotency of both mouse and
human ES cell lines in feeder-free culture conditions
[124]. Although our preliminary tests of compounds related
to BIO, or mouse WNT3A and LiCl, did not show
significant inhibition of porcine epiblast cell differentiation,
these types of amendments to the culture environment may
eventually prove successful because concentration level,
interactive combination, and timing may be critical param-
eters. Similarly, low oxygen culture conditions have
reportedly improved the culture of hESC [167–169].
Although our initial tests of low O2 culture with porcine
epiblast cells have proved disappointing (Table 1), it may
ultimately prove useful since different species and cell
types display different O2 optimums [170–172]. The
maintenance of pluripotency is probably the most critical
problem to be solved in establishing ungulate ES cell lines
and should be a major focus of current research.

The optimal time for the initiation of blastocyst, ICM, or
epiblast cell cultures for establishing ungulate ES cell lines
is not known. Compared to mice and humans, the
blastocysts of ungulates have an extended period of
preimplantation development. The blastocyst of the pig,
sheep, and cow first develops at approximately 6–7 days
post-fertilization. The blastocyst then increases in size
relatively slowly over the next few days of development
as its spherical form increases in diameter. During this time
there is probably only a modest increase in the number of
epiblast cells in the ICM of the blastocyst compared to the
increase in trophectoderm and visceral endoderm cells. At
11 to 12 days post-fertilization, depending on the ungulate
species, the blastocyst elongates by the rapid growth of the

trophectoderm and visceral endoderm to form a long, thin,
filamentous blastocyst greater than 100 mm in length [6,
173]. The epiblast is exposed to the uterine environment
during this preimplantation development by the loss of the
overlaying layer of trophectoderm cells, or Rauber’s layer,
and the ICM is thereafter referred to as the embryonic disc
[174]. Gastrulation, marked by the formation of the
primitive streak in the embryonic disc, begins during this
elongation phase and at this point mesoderm differentiation
and migration from the epiblast is well underway ([175];
unpublished observations). Therefore, considering this
unique preimplantation development, what developmental
point is best for the isolation of pluripotent cells and the
establishment of ungulate ES cell lines? The success rate
for the establishment of pig ES-like cell cultures was
decidedly better (12 [21%] vs. none) from early hatched
blastocysts than from late hatched blastocysts [28]. How-
ever, another report used in vivo pig blastocysts from day
5–6 to day 10–11 of gestation and found that day 10–11
blastocyst yielded ES-like cell cultures. Few or none were
propagated from day 5–6 embryos or day 11 blastocyst that
had elongated [26]. In our experience, alkaline phospha-
tase-positive, pluripotent, epiblast cell cultures can be
obtained from either the early pig blastocyst stage (7–8 days
post-coitus) or from later stage embryonic discs (12–14 day
post-coitus) where gastrulation has begun. No difference in
the failure to inhibit differentiation of the epiblast cells or in
the inability to propagate the epiblast cells was noted across
these time points ([7]; unpublished observations). Thus, it is
presently unclear whether epiblast cells from one stage of
ungulate preimplantation development or another would be
more efficient or required for the establishment of ES cells
lines.

Although the age of ungulate blastocysts may turn out to
be an important factor, the establishment of ungulate ES
cell lines will definitely depend on in vitro culture
conditions. For example, the nature and quality of feeder
cells has been an important element in the establishment of
mouse and primate ES cell lines. STO feeder cells were
required for the survival of pig and bovine epiblast cells in
primary culture [7, 20]. Without feeder cell support cultures
of primary pig epiblast cells fail to grow, and instead,
senesced and die over a 10–14 day period (Fig. 2c). Similar,
results were reported with feeder-independent, short-term,
primary cultures of pig ICMs, with or without the addition
of LIF to the medium [167]. It is probable that ungulate ES
cell line establishment will therefore require feeders cells, at
least in their initial culture, as has been true for the
establishment of most mouse and primate ES cells lines.
Although for both mouse and human ESC derivation STO
feeder cells have been used successfully [14, 176], the use
of primary or early secondary fetus-derived feeder cells is
often thought to be of advantage. Primary feeder cell
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populations presumably supply different kinds and amounts
of factors for the maintenance and growth of ES cells
compared to STO feeder cells. By way of example, we
recently found that the expression of serum-proteins from a
porcine endoderm cell line was drastically effected by the
use of CF-1 mouse-derived feeder cells compared to STO
feeder cells (Fig. 4). The use of homologous primary feeder
cells, e.g., bovine fibroblasts for bovine epiblast culture,
would presumably remove the potential problem of specie
specificities that exist with some cell ligand/cell receptor
systems. However, primary fetal fibroblasts of the bovine
and pig, which would be expected to produce LIF and bFGF,
and most like several other cytokines, did not maintain
bovine and pig epiblast cells, respectively, in the undifferen-
tiated state in our experience (unpublished observation).
Finally, some known or unknown cell-to cell interactions, or
cytokines, or other soluble effector molecules in serum-
containing medium or expressed by the feeder cells, may be
driving the differentiation of ungulate epiblast cells in
culture. In any case, as more is learned about the molecular
biology of pluripotency induction and maintenance for ESC,
EGC, EpiSC, spermatogonial stem cells, somatic stem cells,
and iPSC, the in vitro conditions for ES cell line establish-
ment from primary ungulate epiblast or somatic cells is
becoming defined and testable. Thus, the prospects for the
creation of ungulate ES cell lines is improving everyday.
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