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ABSTRACT
Since mouse embryonic stem (ES) cells was first derived in 1981, the ability of this unprecedented cell type to self-renew and differentiate

without limit has revolutionized the discovery tools that are used to study gene functions and development. Furthermore, they have inspired

others to hunt for similar cells from other species. The derivation of human ES cells in 1998 has accelerated these discoveries and has also

widely provoked public interest, due to both the scientific significance of these cells for human tissue regeneration and the ethical disputes

over the use of donated early human embryos. However, this is no longer a barrier, with the recent discovery of methods that can convert

differentiated somatic cells into ES-like cells or induced pluripotent stem (iPS) cells, by using defined reprogramming factors. This review

attempts to summarize the progresses in the derivation of ES cells (as well as other embryo-derived pluripotent cells) and iPS cells from

various species. We will focus on the molecular and biological features of the cells, as well as the different determinants identified thus far to

sustain their pluripotency. J. Cell. Biochem. 109: 16–25, 2010. � 2009 Wiley-Liss, Inc.
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S ir Martin Evans of Cardiff University shared the 2007 Nobel

Prize in Physiology or Medicine with the two founders of gene

targeting. This marked the highest recognition for mouse embryonic

stem (ES) cells [Evans and Kaufman, 1981; Martin, 1981]. Due to

their unlimited ability to self-renew and differentiate, this

unprecedented cell type has revolutionized the discovery tools

used to study gene functions and development. It has also inspired

others to hunt for similar cells from many other species. However, it

took scientists 17 years to eventually derive human ES cells

[Thomson et al., 1998]. The success of Thomson and coworkers was

based on their prior successes in the derivation of non-human

primate ES cells [Thomson et al., 1995; 1996]. The birth of human ES

cells has triggered new waves of discoveries in regenerative biology

and in the derivation of ES cells from other species. Meanwhile, it

has aroused extensive public interest due to the promise of human

ES cells in regenerating human tissues, as well as ethical concerns

over the disputable use of donated early human embryos to derive

these cells.

To overcome this hurdle, scientists soon started to seek alternative

approaches to procuring ES-like cells without using embryos. This

was elegantly achieved by Takahashi and Yamanaka in 2006, who

discovered that four essential transcription factors that are highly
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expressed in ES cells can be used to reprogram somatic cells into an

embryonic-like state, which led to the creation of another new

pluripotent stem (PS) cell type, known as induced PS (iPS) cells

[Takahashi and Yamanaka, 2006]. This new technology has been

quickly recapitulated in human [Takahashi et al., 2007; Yu et al.,

2007a] and many other species including monkey [Liu et al., 2008],

pig [Esteban et al., 2009; Ezashi et al., 2009; Wu et al., 2009], and rat

[Li et al., 2009; Liao et al., 2009].

In this review, we will summarize the recent advances in the

derivation of ES cell lines and iPS cells lines from various species, as

well as other embryo-derived PS cells. We will discuss the key

determinants of their pluripotency, focusing mainly on the

molecular and biological features of the PS cell lines. The external

factors identified thus far to sustain their pluripotency will also be

summarized.

EMBRYONAL CARCINOMA (EC) CELLS

Pluripotency refers to the ability of a cell to not only renew itself but

also to differentiate into many other cell types. This ability was

first demonstrated in mouse EC cells, which are derived from
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teratocarcinomas. Mouse EC cells can be stably propagated in vitro,

while spontaneously differentiating into various cell types that

represent all the three embryonic germ (EG) layers [reviewed in

Andrews et al., 2005]. Many pluripotency assays established on EC

cells, such as pluripotency marker detection and embryoid body (EB)

formation in vitro and in vivo (now referred to as teratoma

formation), are still widely used today for validation of ES, iPS, and

other PS cells [Andrews et al., 2005].

Mouse EC cells can express markers found within the inner cell

mass (ICM) of the blastocyst, including stage-specific embryonic

antigen-1 (SSEA-1) [Andrews et al., 2005], but not SSEA-3 and

SSEA-4. Human EC cells have also been derived from human

teratocarcinomas. However, human EC cells express different cell

surface markers from mouse EC cells. Human EC cells do not express

SSEA-1, but instead express SSEA-3, SSEA-4, and the tumor-related

antigens TRA1-60 and TRA1-81 [Andrews et al., 2005]. These

markers are not expressed on mouse EC cells.

Although both mouse and human EC cells are karyotypically

abnormal due to their tissue source, they continue to accumulate

additional karyotypic changes in culture, which most likely

contributes to their unlimited proliferation in serum-containing

medium independently of growth factors. On the other hand, these

abnormalities may also account for their limited developmental

potential [reviewed in Andrews et al., 2005]. ES cells can also

develop similar karyotypic changes during long-term culture; cells

harboring pro-proliferation changes, for example, human ES cells

with trisomy chromosome 12 or replication of its short arm, may

gain selection advantage over sibling cells [Draper et al., 2004].

Thus, the early studies of EC cells have served as cornerstones for

characterizing and understanding the nature of ES cells.
EMBRYONIC STEM (ES) CELLS

The derivation and characterization of mouse ES cells have set the

basic methods and standards for the subsequent derivation of ES

cells from other species, including human. Although pluripotency is

remarkably consistent for all bona fide ES cells, significant

differences have been identified among ES cells derived from

various species and some routine tests established on mouse ES cells,

such as chimera formation and germline transmission, cannot be

applied to human ES cells for ethical reasons. ES cell lines from

various species will be discussed in chronological order.
MOUSE ES CELLS

Mouse ES cells were first derived by culturing the ICM of mouse

blastocysts in serum-containing medium on mitotically inactivated

mouse embryonic fibroblasts (MEFs) as a feeder layer [Evans and

Kaufman, 1981; Martin, 1981]. Morphologically, mouse ES cells are

small and round with a large nucleus-to-cytoplasm ratio and

prominent nucleoli, highly resembling mouse EC cells. As described

above, mouse EC cells have abnormal karyotypes, whereas mouse ES

cells have normal karyotype, although it can become unstable in

extended culture. Mouse ES cells form small, rounded, or irregular

colonies with clear borders. Similar to mouse EC cells, they are
JOURNAL OF CELLULAR BIOCHEMISTRY
stained positively for alkaline phosphatase and SSEA-1, negatively

for SSEA-3, SSEA-4, TRA1-60, and TRA1-81. They also highly

express the transcription factors Oct3/4, Nanog, and Sox2 to sustain

their pluripotency. Mouse ES cells can be differentiated in vitro into

cell types that represent all the three EG layers, through directed

differentiation or formation of EBs. They can also form teratomas

when injected into immunodeficient mice. Furthermore, they are

capable of producing chimeras with germline transmission.

The cytokine leukemia inhibitory factor (LIF) is required to

sustain mouse ES cells. LIF binds the gp130 receptor, inducing the

dimerization of gp130 and LIF receptors, which activates Janus-

associated tyrosine kinases (Jak)/latent signal transducer and

activator of transcription factor (Stat3) [Yoshida et al., 1994]. The

activation of Stat3 is sufficient to maintain the undifferentiated state

of mouse ES cells in the presence of LIF and serum [Matsuda et al.,

1999]. The LIF/gp130 receptors can also activate Shp2 tyrosine

phosphatase, which then promotes mouse ES cell differentiation by

inhibiting Jak/Stat3 signaling and enhancing Ras/Raf/Mek/Erk

signaling, thus suppression of the Shp2/Erk pathway promotes ES

cell self-renewal [reviewed in Feng, 2007]. Bone morphogenetic

proteins (BMPs) were found to be the responsible components in

serum to synergize with LIF to support mouse ES cells self-renewal

[Ying et al., 2003]. BMP4 acts by inducing Id1 expression [Ying

et al., 2003] and inhibiting the Mapk pathways [Qi et al., 2004].

The efficiency of mouse ES cell derivation appears to be

influenced by the genetic background of mouse strains, as ES cells

can be reproducibly derived from only a few inbred mouse strains:

strain 129 and, less commonly, C57BL/6 [Ledermann and Burki,

1991; Kawase et al., 1994]. Protocol modifications have enabled the

derivation of ES cells from non-permissive strains. For example,

drug selection to continuously remove differentiated cells has

allowed derivation of germline competent ES cell lines from the

non-permissive mouse strain CBA [McWhir et al., 1996]. Inhibitors

of Erk activity can also help derive germline competent ES cell lines

from non-permissive mouse strains [Batlle-Morera et al., 2008].

Supplementing LIF-containing medium with Pluripotin (also called

SC-1), a small molecule that inhibits the differentiation-inducing

factors RasGAP and Erk1 [Chen et al., 2006], can increase the

efficiency of mouse ES cell derivation from refractory strains [Yang

et al., 2009].

Recently, a ground state of pluripotency has been proposed based

on the fact that mouse ES cells can be derived without need for any

growth factors but with only a combination of three inhibitors (3i)

SU5402, PD184352, and CHIR99021 that target FGF receptors, Mek,

and glycogen synthase kinase 3 (Gsk3), respectively [Ying et al.,

2008]. Gsk3 is a key component of the b-catenin degradation

complex; inhibition of Gsk3 releases b-catenin, enables it to enter

the nucleus, and regulates target genes of the canonical Wnt

signaling [Ding et al., 2000]. Nuclear b-catenin forms a complex

with T-cell factor/lymphoid enhancer factor (Tcf/Lef) transcription

factors, Legless family docking proteins (Bcl9 and Bcl9l), and Pygo

family coactivators (Pygo1 and Pygo2) to activate the transcription

of target genes such as c-Myc, which play important roles in mouse

ES cell self-renewal [reviewed in Katoh and Katoh, 2007]. Although

the absence of FGF ligands may suffice to replace the inhibitors of

FGF receptor and Mek, the presence of a Wnt ligand may be
DETERMINANTS OF PLURIPOTENCY 17



necessary to substitute for the Gsk3 inhibitor to stimulate Wnt

signaling. This argues that the pluripotency of mouse ES cells is not

completely in a ground state since it relies on at least some external

factor to stimulate Wnt signaling. BMP/LIF and 3i (or 2i when

SU5402 is removed) systems can support mouse ES cell pluripotency

as long as the differentiation-inducing Erk signaling is repressed

either upstream by chemical inhibitors or downstream by LIF and

BMP [Ying et al., 2008]. Inhibition of Gsk3 promotes self-renewal by

maintaining cell proliferation and preventing neural commitment.

MONKEY ES CELLS

Monkey ES cells have thus far been derived from rhesus macaques

[Thomson et al., 1995], common marmoset [Thomson et al., 1996],

and cynomolgus [Suemori et al., 2001]. Monkey ES cells and

monkeys offer alternative and sometimes irreplaceable tools to

study human development and diseases. Potential therapies to treat

human diseases must be pioneered in non-human primates prior to

human trials for scientific and ethical reasons. While rodent models

are useful for modeling some human diseases, they are not ideal for

many others such as neural degenerative diseases. Rodent models

often cannot adequately recapitulate the pathology of human neural

degenerative diseases.

When cultured on MEF feeders (LIF is not necessary), monkey ES

cells can be stably maintained in an undifferentiated state with a

normal karotype. They have the capacity to differentiate into cell

types that represent all the three germ layers via in vitro

differentiation culture conditions, EB, and teratoma formation.

Monkey ES cells can produce chimeras [Takada et al., 2002].

However, it remains unknown whether monkey ES cells are capable

of germline transmission. Monkey ES cells also express cell surface

markers alkaline phosphatase, SSEA-3, SSEA-4, TRA1-60, and

TRA1-81, but not SSEA-1, which are identical to the cell surface

markers expressed by human ES cells.

AVIAN ES CELLS

Transgenic chicken can be generated via injection of DNA into

oocytes but the technique is tedious and the yield of transgenic

animals is low [Love et al., 1994]. By using a combination of growth

factors LIF, bFGF, and stem cell factor (SCF), both chicken and quail

ES cell lines were successfully derived from stage X blastoderm

[Pain et al., 1996]. Avian ES cells have typical ES-like morphological

features, with large nucleus-to-cytoplasm ratio with multiple

nucleoli, and are alkaline phosphatase positive. Avian ES cells also

meet the pluripotency standards set for mouse ES cells, that is, they

are SSEA-1 positive, can differentiate to cell lineages representative

of the three EG layers in vitro via directed differentiation or EB

formation, and produce chimeras with germline transmission.

HUMAN ES CELLS

The advances in culture conditions of human IVF embryos [Gardner

et al., 1998] and prior experience with non-human primate ES cells

[Thomson et al., 1995, 1996] may have been critical for the success

of human ES cell derivation [Thomson et al., 1998]. Human ES cells

have characteristic ES cell morphology with large nucleus-to-

cytoplasm ratio and multiple prominent nucleoli. They are capable

of long-term self-renewal, maintain a normal karyotype (which can
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become unstable during extended culture), and can differentiate into

cell types that represent all three germ layers via EB or teratoma

formation. Human ES cells express the same repertoire of cell

surface markers as monkey ES cells. Both monkey and human ES

cells grow as flatten, compact colonies, whereas mouse ES cells grow

as domed colonies.

Growth factors required for monkey and human ES cells are

distinct from those required for mouse ES cells. Monkey and human

ES cells do not require LIF, and the Jak/Stat3 pathway does not

appear to be responsible for their maintenance [Humphrey et al.,

2004; Sumi et al., 2004]. In contrast to the role of BMP4 in

supporting mouse ES cell self-renewal [Ying et al., 2003], we have

demonstrated that BMPs induce human ES cell differentiation to the

trophoblast in serum replacement-containing medium [Xu et al.,

2002]. Pera et al. [2004] found that BMP2 induces human ES cell

differentiation to the primitive endoderm in serum-containing

medium. BMP4 also induces monkey ES cell differentiation to the

primitive endoderm [Kobayashi et al., 2008].

Furthermore, although FGF signaling causes mouse ES cell

differentiation and TGFb/Activin/Nodal signaling is not required for

mouse ES cell self-renewal, we [Xu et al., 2005, 2008] and others

have shown that these signaling pathways are required to support

human ES cell self-renewal [reviewed in Okita and Yamanaka, 2006;

Watabe and Miyazono, 2009]. It has been proposed that bFGF can

act via a paracrine mechanism by inducing differentiated human ES

cells to produce IGF2, which then supports the neighboring

undifferentiated ES cells in a pluripotent state [Bendall et al.,

2007]. However, we recently found that IGF2 cannot substitute for

bFGF to sustain human ES cell culture in the defined medium TeSR1,

and bFGF supports human ES cell self-renewal largely by preventing

the cells from anoikis, a subtype of apoptosis caused by cell

detachment from the matrix [Wang et al., 2009]. Although monkey

ES cells share many characteristics with human ES cells, they can be

cultured on MEF feeders without bFGF [Yamashita et al., 2006].

RABBIT ES CELLS

Like other animal models, rabbit ES cells are also an important

resource for studying human diseases and for pharmaceutical

research. Ji and coworkers first derived rabbit ES cells from the ICM

of Japanese white rabbit blastocysts on MEFs and in serum-

containing medium [Wang et al., 2007]. Unlike ES cells from any

other species, these rabbit ES cells are positive for both mouse and

human ES pluripotency markers, including alkaline phosphatase,

SSEA-1, SSEA-3, SSEA-4, TRA1-60, TRA1-81, Nanog, Oct4, and

Sox2. Rabbit ES cells are karyotypically normal and can be

maintained undifferentiated during long-term culture. Furthermore,

they can be differentiated into cells that represent all three germ

layers, via in vitro culture conditions, EB or teratoma formation. The

same group also demonstrated that FGF, TGFb/Activin/Nodal, and

Wnt signaling pathways are required to maintain the self-renewal of

rabbit ES cells [Wang et al., 2008]. Another group found that LIF

signaling is dispensable for the maintenance of self-renewal of

rabbit ES cells from this rabbit strain [Honda et al., 2009].

Recently, rabbit ES cells were derived from New Zealand white

rabbits [Intawicha et al., 2009]. Contrary to the above reports, these

authors suggest that LIF is required for the self-renewal of these ES
JOURNAL OF CELLULAR BIOCHEMISTRY



cells. However, it should be noted that these ES cells do not share the

expression of markers indicative of other LIF-dependent ES cells.

They are negative for SSEA-1 and positive for SSEA-4, TRA1-60,

and TRA1-81.

The differences between ES cells derived from various strains of

rabbits may result from genomic variances between these strains.

They may also be caused by differences in the source tissues,

derivation, and culture systems, which have been shown to affect the

ground state of pluripotency in stem cells derived from mouse and

rat embryos [Brons et al., 2007; Tesar et al., 2007; Chou et al., 2008].

RAT ES CELLS

Rat models are used to study various human diseases, for example,

diabetes and hypertension. Thus, derivation of rat ES cells has been

expected to provide an important resource for studying these

diseases and for pharmaceutical research. However, derivation of

bona fide rat ES cells has been difficult, and numerous attempts only

produced poorly characterized ES-like cell lines without reconstitu-

tion of the germline [reviewed in Vassilieva et al., 2000].

Recently, two groups simultaneously derived germline competent

rat ES cells from the ICMs of blastocysts of Dark Agouti [Buehr et al.,

2008; Li et al., 2008] and Fischer 344 rats [Buehr et al., 2008]. They

used the 3i mouse culture regime described above, that is,

CHIR99021 to inhibit Gsk3 activity, PD184352 to inhibit Mek,

and SU5402 to inhibit FGF receptors. A 2i regime comprised the

Gsk3 inhibitor CHIR99021 and a more potent Mek inhibitor

PD0325901 was also used to derive rat ES cells [Buehr et al., 2008; Li

et al., 2008]. Rat ES cells derived in either the 3i or the 2i regime were

indistinguishable. They display the properties authentic to ES cells,

such as large nucleus-to-cytoplasm ratio with prominent nucleoli,

long-term self-renewal, pluripotency, EB formation, teratoma

formation, and produce chimeras with germline transmission. Rat

ES cells express the key pluripotency genes found in mouse ES cells:

Nanog, Oct4, Sox2, and Klf4. Furthermore, rat ES cells share a

similar expression pattern of cell surface markers as mouse ES cells:

SSEA-1 positive, SSEA-4 negative, and GCTM-2 (i.e., TRA1-60)

negative [Li et al., 2008].

Like mouse ES cells, LIF/Stat3 signaling plays an important role

in rat ES cells to maintain their self-renewal [Buehr et al., 2008; Li

et al., 2008]. Moreover, Stat3-overexpressing rat ES cells can be

maintained feeder-free in a LIF-containing medium for a short time

[Li et al., 2008]. Contrary to mouse ES cells, rat ES cells do not

benefit from serum or BMP4 in feeder-free culture [Buehr et al.,

2008; Li et al., 2008], suggesting that other factors are required for

long-term culture of rat ES cells in feeder-free conditions.

CANINE ES CELLS

The establishment of ES cells from large animals that model human

diseases is of significant importance. Canine ES cell lines have been

recently derived from preimplantation-stage embryos [Vaags et al.,

2009]. They express Oct3/4, Nanog, Sox2, alkaline phosphatase,

SSEA-3, SSEA-4, TRA1-60, and TRA1-81, and a very low level of

SSEA-1. Similar to mouse ES cells, canine ES cells require LIF for the

maintenance of pluripotency. They can maintain a normal

karyotype and morphology typical of other undifferentiated ES

cells after multiple passages in vitro. They can also form EBs and
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differentiate to multiple cell types. In vivo, canine ES cells gave rise

to teratomas comprising cell types that represent all three germ

layers. However, the abilities to form chimera and transmit through

the germline have yet to be determined. These cells represent the first

pluripotent canine ES cell lines and offer the exciting possibility of

testing the efficacy and safety of ES cell-based therapies in other

large animal models of human disease.

Many attempts have been made to derive ES cells from other

mammalian species, including hamster, cow, buffalo, sheep, pig,

goat, horse, and cat [reviewed in Tecirlioglu and Trounson, 2007;

Vackova et al., 2007; Talbot and Blomberg le, 2008]. However, none

of the ES-like cells derived from these species adhere to the criteria

set forth by mouse and human ES cell research to be bona fide ES cell

lines. These ES-like cell lines cannot be maintained undifferentiated

during long-term culture. Appropriate culture conditions need to be

elucidated. Furthermore, thorough characterization of their plur-

ipotency markers and developmental potential is necessary.

Undoubtedly, derivation of bona fide ES cell lines from these

species will be remarkable to understanding the early development

of these species as well as their gene functions during development

and tissue regeneration. These ES cells can also serve as additional

tools for developing and testing potential therapies for the treatment

of human diseases.
OTHER EMBRYO-DERIVED PS CELLS

EMBRYONIC GERM (EG) CELLS

EG cells are PS cells derived from primordial germ (PG) cells. PG

cells are progenitors of adult gametes, which diverge from the

somatic lineage between late embryonic to early fetal development.

EG cells were first derived from mouse PG cells, using MEFs, SCF,

LIF, and bFGF [Matsui et al., 1992; Resnick et al., 1992]. EG cells

have also been derived from human [Shamblott et al., 1998], chicken

[Park and Han, 2000], and pig [Shim et al., 1997]. As ES cells, EG

cells demonstrate long-term self-renewal ability and differentiate in

vitro to form EBs, containing cells that represent all three germ

layers and intermediate progenitor cells. They can also form

teratomas in immunodefficient mice. Furthermore, mouse, pig, and

chicken EG cells have also been shown to contribute to formation of

chimeras with germline transmission. Importantly, EG cells

demonstrate normal and stable karyotypes as well as normal

patterns of genomic imprinting, including X-inactivation within

certain passages in vitro [Kerr et al., 2006].
EPIBLAST STEM CELLS (EpiSCs)

The dramatic differences between the signaling pathways required

for maintenance of pluripotency of mouse and human ES cells have

prompted scientists to ask whether mouse ES cells could be derived

under the same conditions used for human ES cells. However, the

ICMs from mouse and rat blastocysts grown in chemically defined

medium, containing activin A and bFGF, undergo rapid differentia-

tion and never give rise to pluripotent ES cell lines [Brons et al.,

2007]. This medium is sufficient for the long-term maintenance of

human ES cells [Vallier et al., 2005]. Interestingly, if late epiblast

layer of postimplantation mouse or rat embryos is cultured in the
DETERMINANTS OF PLURIPOTENCY 19



same medium, PS cell can be derived [Brons et al., 2007; Tesar et al.,

2007]. These PS cells were designated EpiSCs, due to their origin.

EpiSCs express typical stem cell markers such as Oct3/4, Nanog, and

SSEA-1, but no Rex1 and little Gbx2. They are capable of

differentiating into tissues that represent all three germ layers, as

determined by EB and teratoma formation, and in vitro differentia-

tion culturing conditions. However, EpiSCs fail to contribute to

chimera formation.

Mouse and rat EpiSCs differ significantly from mouse and rat ES

cells but share key features with human ES cells [Brons et al., 2007;

Tesar et al., 2007]. They form flat and compact colonies that differ

from the domed or rounded colonies from mouse or rat ES cells.

Furthermore, like human ES cells [Xu et al., 2002; Pera et al., 2004],

BMPs induce EpiSCs to differentiate into primitive endoderm and

trophectoderm.
BFGF, ACTIVIN, AND BIO-DERIVED STEM CELLS (FAB-SCs)

PS cells have also been derived from mouse blastocysts cultured on

MEFs in the presence of bFGF, ActivinA, 6-bromoindirubin-30-

oxime (BIO), and LIF-blocking antibody [Chou et al., 2008]. BIO is an

inhibitor of Gsk3 [Sato et al., 2004]. These stem cells are designated

as FAB-SCs, based on the chemicals used to derive them. Distinct

from both mouse EpiSCs and ES cells, FAB-SCs can be maintained in

the absence of LIF and BMP4. They express several markers of

pluripotency, including Oct3/4, Nanog, Sox2, and SSEA-1.

Unexpectedly, these cells cannot differentiate into tissues repre-

senting the three germ layers. EBs formed by FAB-SCs are small and

cannot expand. Furthermore, FAB-SCs do not form teratomas after

injection into SCID mice. However, transient stimulation with LIF

and BMP4 changes the developmental potential of FAB-SCs. The

stimulated FAB-SCs can generate teratomas when injected into SCID

mice and contribute to the germline in chimeric mice. These

attributes are lost if LIF and BMP4 are withdrawn.

Comparison of the gene expression profiles of mouse ES cells,

EpiSCs, and FAB-SCs suggests that each of these PS cell lines are

distinct and may represent different metastable epigenetic states

that are determined by the tissue of origin and the growth factor

milieu [Chou et al., 2008]. FAB-SCs may represent ES-like cells that

display partial pluripotency, whereas full pluripotency can be

attained upon alteration of their growth factor regime. Thus, FAB-

SCs display a high degree of plasticity, suggesting that growth factor

signaling may play an important role in reprogramming, which is

worth further investigation.
INDUCED PLURIPOTENT STEM (iPS) CELLS

iPS cells are generated by reprogramming somatic cells back to

pluripotent state with defined reprogramming factors. Since the first

derivation of mouse iPS cells by the Yamanaka group [Takahashi

and Yamanaka, 2006], iPS cells have been derived from various

species and tissues with a variety of methods, which have been

summarized in many reviews. We will mainly introduce and

compare the features of iPS cells derived from several species.
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MOUSE IPS CELLS

MEFs and mouse adult tail fibroblasts were the first source of

somatic cells used for iPS cell derivation via retroviral transduction

to express the reprogramming factors Oct4, Sox2, Klf4, and c-Myc,

and MEFs were also used as feeders in the derivation and

maintenance of mouse iPS cells [Takahashi and Yamanaka,

2006]. The iPS cells exhibit the same features as mouse ES cells,

including staining positive for alkaline phosphatase and SSEA-1.

They can differentiate in vitro into all three germ layers and can

form teratomas when injected into SCID mice. Furthermore, they can

contribute to the germline in chimeric mice [Maherali et al., 2007;

Okita et al., 2007; Wernig et al., 2007].

HUMAN IPS CELLS

Two groups independently derived the first human iPS cell lines by

using two partially different combinations of reprogramming

factors. Thomson group used OCT4, SOX2, NANOG, and LIN28

via lentiviral transduction [Yu et al., 2007b], whereas Yamanaka

group used the reprogramming factors and retroviral transduction

[Takahashi et al., 2007] as used in the mouse iPS cells [Takahashi and

Yamanaka, 2006]. Human iPS cells are derived on MEF feeders. They

are cultured under the same conditions and express the same cell

surface markers as human ES cells. Human iPS cells can also be

differentiated in vitro into tissues represent all three germ layers and

form teratomas when injected into immunodeficient mice.

METHODOLOGICAL IMPROVEMENT

Since these groundbreaking reports, iPS cells have been generated

from various tissues such as keratinocytes, B lymphocytes, bone

marrow cells, liver cells, neural stem cells, and meningiocytes

[reviewed in Feng et al., 2009]. Pharmaceutical inhibitors that

specifically target epigenetic modifiers or pluripotency regulators

can be used to replace one or more viral factors, or enhance

reprogramming efficiency [reviewed in Feng et al., 2009]. Other

recent studies have focused on generating iPS cells using virus-free

methods. To prevent transgene integration in the genome,

adenoviral transduction [Stadtfeld et al., 2008], transient transfec-

tion [Okita et al., 2008], nonintegrating oriP/EBNA1 episomal

vectors [Yu et al., 2009], and the piggyBac (PB) transposon gene-

delivery systems [Kaji et al., 2009; Woltjen et al., 2009; Yusa et al.,

2009] have been used for reprogramming mouse cells. Moreover, iPS

cells can be generated from mouse and human differentiated cells

through transduction of recombinant OCT4, SOX2, KLF4, and c-

MYC proteins [Bru et al., 2008; Zhou et al., 2009]. More recently, it

has been shown that iPS cells can also be derived and maintained in

defined mTeSR1 medium [Ludwig et al., 2006] (Stem Cell

Technologies, Vancouver, Canada) from human adipose stem cells

with the Yamanaka factors via lentiviral transduction [Sun et al.,

2009].

RAT IPS CELLS

Rat iPS cells were generated from rat primary skin fibroblasts and

bone marrow cells, in human ES cell culture conditions [Liao et al.,

2009]. Although these cells were capable of differentiation in vitro

into all three germ layers and could form teratomas, they could not

form chimeras, suggesting that these rat iPS cells may be more
JOURNAL OF CELLULAR BIOCHEMISTRY



closely related to rat EpiSCs than rat ES cells. However, rat iPS cells

generated from rat liver cells by using the 2i regime supplemented

with LIF can differentiate in vitro into all three germ layers, form

teratomas, and chimeras [Li et al., 2009].

MONKEY IPS CELLS

Monkey iPS cells have been generated from adult rhesus monkey

fibroblasts [Liu et al., 2008]. These iPS cells shared the charac-

teristics of monkey ES cells, including positive staining for alkaline

phosphatase, SSEA-4, TRA1-60, and TRA1-81. Monkey iPS cells can

also be differentiated into all three germ layers, via directed in vitro

differentiation, EB formation, and teratoma formation. It remains to

be determined, though, if monkey iPS cells can form chimeras and

contribute to the germline.

PORCINE IPS CELLS

Even though derivation of porcine ES cells has not yet been reported,

iPS cells have been derived from a variety of tissues in pigs, and they

behave differently depending on the culture conditions. Porcine iPS

cells derived from embryonic fibroblasts in serum-containing

medium morphologically resemble human ES cells with flatten,

compact colonies that stain positively for alkaline phosphatase,

SSEA-4, Nanog, and Rex1 [Esteban et al., 2009]. Porcine iPS cells

derived from primary ear fibroblasts or bone marrow cells and in

human ES cell medium without bFGF also express human ES cell

surface and nuclear markers [Wu et al., 2009]. However, iPS cells

generated from porcine fetal fibroblasts in human ES cell medium

supplemented with BFGF stain positive for alkaline phosphatase and

SSEA-1, and negative for SSEA-3, SSEA-4, TRA1-60, and TRA1-81

[Ezashi et al., 2009], which is very unusual compared to other PS

cells cultured in human ES cell medium. Nevertheless, all these iPS

cells can differentiate into cells representing the three germ layers

via EB and teratoma formation.
TABLE I. Cell Surface Markers Expressed on Pluripotent Stem Cell Lin

Stem cell line AP SSEA-1 SSEA-3 SSEA

Mouse EC cells þ þ � �
Human EC cells þ � þ þ
Mouse ES cells þ þ � �
Rat ES cells þ þ � �
Avian ES cells þ þ
Canine ES cells þ Low þ þ
Monkey ES cells þ � þ þ
Human ES cells þ � þ þ
Japanese white rabbit ES cells þ þ þ þ
New Zealand white rabbit ES cells þ � þ
Mouse EG cells þ þ
Human EG cells þ � þ þ
Porcine EG cells þ
Chicken EG cells þ þ
Mouse EpiSCs þ þ
Rat EpiSCs þ þ
Mouse FAB-SCs þ þ
Mouse iPS cells þ þ � �
Human iPS cells þ � þ þ
Rat iPS cells (in 2i regime, LIF) þ þ � �
Rat iPS cells (in human ES cell medium) þ � þ þ
Monkey iPS cells þ � þ
Porcine iPS cells (in serum) þ þ
Porcine iPS cells (in human ES cell medium) þ þ þ

AP, alkaline phosphatase; Blank, not tested.
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SUMMARY

CELL SURFACE MARKERS

As summarized in Table I, all the PS cells from the listed species are

positive for alkaline phosphatase. However, there is a clear

difference in expression of the other cell surface markers between

PS cells from rodents and primates. Mouse EC, ES, EG, and iPS cells,

and rat ES and iPS (when cultured in mouse ES cell medium) cells are

all positive for SSEA-1, and negative for SSEA-3, SSEA-4, TRA1-60,

and TRA1-81. In contrast, monkey ES and iPS cells, and human EC,

ES, EG, and iPS cells are all positive for SSEA-3 (not tested for

monkey iPS cells), SSEA-4, TRA1-60, and TRA1-81, but negative for

SSEA-1.

Porcine iPS cells can express primate ES cell surface markers (the

rodent marker SSEA-1 was not tested) [Ezashi et al., 2009; Wu et al.,

2009]. But surprisingly, they can also express rodent ES cell surface

markers when derived in human ES cell medium with bFGF [Ezashi

et al., 2009]. Interestingly, Japanese white rabbit ES cells express

both the rodent and primate markers [Wang et al., 2007; Honda

et al., 2009], whereas New Zealand white rabbit ES cells only express

the primate markers (SSEA-3 was not tested) [Honda et al., 2009;

Intawicha et al., 2009]. In addition, the expression pattern of rat iPS

cells can change depending on the culture conditions. They express

the rodent marker SSEA-1 when cultured in mouse ES cell medium

[Li et al., 2009], and the primate markers in human ES cell medium

[Liao et al., 2009]. Avian ES cells, the only reported bona fide PS

cells derived from non-mammals, express the rodent marker SSEA-1

(the primate markers were not tested) [Pain et al., 1996].

DIFFERENTIATION ABILITIES

We also compared the differentiation ability of the PS cells from

various species (Table II). All PS cells, no matter which species they

are derived from, can form EB and teratomas, except mouse FAB-

SCs which only gain such ability after stimulation with the mouse ES
es

-4 TRA1-60 TRA1-81 References

� � Andrews et al. [2005]
þ þ Andrews et al. [2005]
� � Evans and Kaufman [1981] and Martin [1981]
� � Buehr et al. [2008] and Li et al. [2008]

Pain et al. [1996]
þ þ Vaags et al. [2009]
þ þ Thomson et al. [1995, 1996]
þ þ Thomson et al. [1998]
þ þ Honda et al. [2009] and Wang et al. [2007]
þ þ Honda et al. [2009] and Intawicha et al. [2009]

Matsui et al. [1992] and Resnick et al. [1992]
þ þ Shamblott et al. [1998]

Shim et al. [1997]
Park and Han [2000]
Brons et al. [2007] and Tesar et al. [2007]
Brons et al. [2007]
Chou et al. [2008]

� � Takahashi and Yamanaka [2006]
þ þ Takahashi et al. [2007] and Yu et al. [2007b]
� � Li et al. [2009]
þ þ Liao et al. [2009]
þ þ Liu et al. [2008]

Esteban et al. [2009]
þ þ Ezashi et al. [2009] and Wu et al. [2009]
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TABLE II. Differentiation Ability of Pluripotent Stem Cell Lines

Stem cell line EB Teratoma Chimera Germline transmission References

Mouse EC cells þ þ Andrews et al. [2005]
Human EC cells þ þ Andrews et al. [2005]
Mouse ES cells þ þ þ þ Evans and Kaufman [1981] and Martin [1981]
Rat ES cells þ þ þ þ Buehr et al. [2008] and Li et al. [2008]
Avian ES cells þ þ þ þ Pain et al. [1996]
Canine ES cells þ þ Vaags et al. [2009]
Monkey ES cells þ þ þ Cibelli et al. [2002], Suemori et al. [2001],

Thomson et al. [1995, 1996], Takada et al. [2002]
Human ES cells þ þ Thomson et al. [1998]
Japanese white rabbit ES cells þ þ Honda et al. [2008] and Wang et al. [2007]
New Zealand white rabbit ES cells þ þ Intawicha et al. [2009]
Mouse EG cells þ þ þ þ Matsui et al. [1992] and Resnick et al. [1992]
Human EG cells þ þ Shamblott et al. [1998]
Porcine EG cells þ þ þ þ Shim et al. [1997]
Chicken EG cells þ þ þ þ Park and Han [2000]
Mouse EpiSCs þ þ � � Brons et al. [2007] and Tesar et al. [2007]
Rat EpiSCs þ þ � � Brons et al. [2007]
Mouse FAB-SCs � � � � Chou et al. [2008]
Mouse FAB-SCs stimulated with LIF, BMP4 þ þ þ þ Chou et al. [2008]
Mouse iPS cells þ þ þ þ Maherali et al. [2007], Okita et al. [2007],

Takahashi and Yamanaka [2006], and
Wernig et al. [2007]

Human iPS cells þ þ Takahashi et al. [2007] and Yu et al. [2007b]
Rat iPS cells (in 2i regime, LIF) þ þ þ þ Li et al. [2009]
Rat iPS cells (in human ES cell medium) þ þ � � Liao et al. [2009]
Monkey iPS cells þ þ Liu et al. [2008]
Porcine iPS cells (in serum) þ þ Esteban et al. [2009]
Porcine iPS cells (in human ES cell medium) þ þ Ezashi et al. [2009] and Wu et al. [2009]
cell self-renewal factors LIF and BMP4 [Chou et al., 2008]. For

ethical reasons, chimera formation and germline transmission

abilities cannot be tested for human PS cells. Mouse EC, ES, iPS,

FAB-SCs (after stimulation with LIF and BMP4), rat ES and iPS

(when cultured in mouse ES cell medium), and avian ES cells can all

form chimeras and transmit through germline. However, it remains

to be tested whether rabbit ES cells and porcine iPS cells have such

abilities.
TABLE III. Growth Factors Required for the Maintenance of Pluripoten

Stem cell line LIF BMP4 bFGF TGFb/Activin/N

Mouse EC cells
Human EC cells
Mouse ES cells þ þ � �

Rat ES cells þ � � �
Avian ES cells þ þ
Canine ES cells
Monkey ES cells � � þ þ

Human ES cells � � þ þ
Japanese white rabbit ES cells � þ þ
New Zealand white rabbit ES cells þ
Mouse EG cells þ þ

Human EG cells þ þ
Porcine EG cells þ þ
Chicken EG cells þ þ
Mouse EpiSCs � � þ þ
Rat EpiSCs � � þ þ
Mouse FAB-SCs � � þ þ
Mouse iPS cells þ þ � �
Human iPS cells � � þ þ

Rat iPS cells (in 2i regime and LIF) þ � � �
Rat iPS cells (in human ES

cell medium)
� � þ þ

Monkey iPS cells � � þ þ
Porcine iPS cells (in serum)
Porcine iPS cells (in human

ES cell medium)
þ
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GROWTH FACTOR REQUIREMENTS

At least five signaling pathways initiated by LIF, BMPs, bFGF, TGFb/

Activin/Nodal, and Wnts, respectively, have been widely recognized

to regulate pluripotency of PS cells (Table III). LIF and BMP4 can

sustain mouse ES and iPS cell self-renewal, whereas only LIF, but

not BMPs, can support self-renewal of rat ES and iPS cells. LIF may

also sustain the self-renewal of New Zealand white rabbit and avian

ES cells. LIF has been used as a self-renewal factor for ES cell
cy

odal Wnt Others References

Andrews et al. [2005]
Andrews et al. [2005]

þ Evans and Kaufman [1981] and
Martin [1981]

þ Buehr et al. [2008] and Li et al. [2008]
SCF Pain et al. [1996]

Vaags et al. [2009]
Cibelli et al. [2002], Suemori et al. [2001],

Thomson et al. [1995, 1996]
þ IGF2 Sato et al. [2004] and Vallier et al. [2005]
þ Honda et al. [2008] and Wang et al. [2008]

Intawicha et al. [2009]
SCF Matsui et al. [1992] and

Resnick et al. [1992]
SCF, Forskolin Shamblott et al. [1998]
SCF Shim et al. [1997]
SC, IL-11, IGF-1 Park and Han [2000]

Brons et al. [2007] and Tesar et al. [2007]
Brons et al. [2007]

þ Chou et al. [2008]
Takahashi and Yamanaka [2006]
Takahashi et al. [2007] and

Yu et al. [2007b]
þ Li et al. [2009]

Liao et al. [2009]

Liu et al. [2008]
Esteban et al. [2009]
Ezashi et al. [2009]
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derivation from many species, often empirically based on its ability

to support mouse ES cell culture. However, it is not required for

human ES cells after careful dissection of the growth factor

requirements [Daheron et al., 2004], nor for Japanese white rabbit ES

cells [Honda et al., 2009].

bFGF and TGFb/Activin/Nodal can support self-renewal of

human and monkey ES and iPS cells, Japanese white rabbit ES cells,

mouse and rat EpiSCs, mouse FAB-SCs, and rat iPS cells (when

cultured in human ES cell medium). It has been obvious now that

bFGF and TGFb/Activin/Nodal can modify the pluripotency ground

state of mouse and rat PS cells. Whether alternative use of the LIF/

BMP and bFGF/TGFb systems can modify the ground state of other

PS cells is intriguing and needs to be further explored. Interestingly,

Wnt signaling appears to be beneficial to all the tested PS cells by

promoting their proliferation among other activities.

CONCLUDING REMARKS

The rapidly increasing number of PS cells has caused an explosion of

literature. Although many articles have reviewed the progresses in

these exciting fields, specific summary of PS cells derived from

various species has been rare to date. This review has attempted to

tackle this task by introducing a variety of PS cells including EC, ES,

EG cells, Epi-SCs, FAB-SCs, and iPS cells derived from various

species. We have thoroughly compared their cell surface markers,

differentiation abilities, and growth factor requirements. However,

we did not include technological advancements in culture and

lineage-specific differentiation of PS cells, neither progress in

translational research of the cells, as these contents have been

covered in many other existing reviews, by us [Lin and Xu, In press]

and others. We hope that this specific review will help update our

knowledge and promote our understanding of PS cells and

realization of their promise in biological research and regenerative

therapies.
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