
 

Pluripotency in avian species
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ABSTRACT  Pluripotency defines the ability of a cell to self-renew and to differentiate into all 
embryonic lineages both in vitro and in vivo. This definition was first established mainly with 
the mouse model and the establishment of mouse embryonic stem cells (ESCs) in the 1980’s and 
extended later on to other species including non-human primates and humans. Similarly, chicken 
ESCs were derived and established in vitro from pregastrulating embryos leading to cells with 
unique properties at molecular, epigenetic and developmental levels. By comparing the properties 
of murine, mammalian and avian ESCs and of the more recently discovered induced pluripotential 
stem (iPS)-derived cells generated in all of these species, avian specificities start to emerge including 
specific molecular genes, epigenetic mark profiles and original developmental properties. Here, we 
present common, but also avian-specific elements that contribute to defining avian pluripotency. 
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The different states of pluripotency described in 
mammals

Pluripotency is defined by the ability of a cell to self-renew and 
to differentiate into all of embryonic lineages both in vitro and 
in vivo. Different states of pluripotency have been described in 
rodents, including the naïve state and the primed state (Hackett 
and Surani, 2014; Smith and Nichols, 2009). Naïve pluripotency is 
captured in vitro from the epiblast of the pre-implantation embryo 
using either Leukemia Inhibitory Factor (LIF) and Bone Morpho-
genetic Protein (BMP) 4, or LIF alone associated with a cocktail of 
GSK3 and MEK inhibitors, designated the 2i/LIF condition (Ying et 
al., 2008, Nichols and Smith, 2009). Mouse embryonic stem cell 
(ESCs), first established in vitro in the early 80’ from blastocysts 
(Evans and Kaufman, 1981; Martin, 1981) epitomize the naïve 
state of pluripotency, whereas the epiblast stem cells (EpiSCs) 
derived from the late epiblast of post-implantation mouse embryos 
(Brons et al., 2007; Tesar et al., 2007) epitomize the primed state 
of pluripotency (Fig. 1). Conversion of naive ESCs to primed 
EpiSCs can be easily achieved by switching culture conditions 
from 2i/LIF to FGF2/Activin A. Reversion of EpiSC to ESC is far 
more difficult and usually requires enforced expression of genes 
encoding naïve state-specific transcription factors such as Klf2, 
Klf4, Nanog, Stat3; NR5a1, NR5a2 (Illich et al., 2016; Hall et al., 
2009; Zhou et al., 2010; Guo et al., 2010; 2009; Bao et al., 2009). 
The formative state, ant ansient state between naïve and primed 
states was recently described and characterized by an early ex-
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pression of Otx2, Sox3 and Oct6 (Acampora et al., 2013; 2016; 
Kalkan et al., 2017; Smith, 2017). Unlike the naïve and primed 
states, the formative state cannot be stabilized in a metastable 
state in culture. Finally, populations of mouse ESCs (i.e. naïve 
state) contain a rare sub-population (2-3%) of cells with molecular 
and functional characteristics of the blastomeres of the 2-cell stage 
embryo, including the ability to transactivate the Murine ERV-L 
endogenous retrovirus. They are designated 2C cells (Hackett et 
al., 2017; Fujii et al., 2015; Macfarlan et al., 2012). Unlike ESCs 
that only contribute to embryonic tissues when injected into mouse 
pre-implantation embryos, 2C cells contribute to both embryonic 
and extra-embryonic tissues when assessed in the same experi-
mental setting. This enlarged competency is sometimes referred 
to as plenipotency (Condic et al., 2014).

Defining features of the 2C, naïve, formative and primed states 
include culture conditions, gene expression, and epigenetic marks 
(Marks et al., 2012; Los Angeles et al., 2015). Transcription factors 
Oct4 (Pou5f1), Sox2 and Nanog form the core pluripotency net-
work, which sustain self-renewal of PSCs in the naïve, formative, 
and primed states. In mouse ESCs, additional transcription factors 
reinforce the core pluripotency network and support the naïve 
state of pluripotency in naïve ESCs (Kalkan et al., 2017; Dunn et 
al., 2014; Kim et al., 2009). 2C cells do not express Oct4, Nanog 
and Sox2. Instead, they express the 2Cspecific genes Zscan4 and 
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Tcstv1 (MacFarlan et al., 2012; Condic et al., 2014). 
In non-rodent mammals (i.e. human and non human primates, 

rabbits, dogs, hamsters, and minks), in which ESCs have been 
derived and well characterized, defining the different states of 
pluripotency is still a challenge. In those species, different culture 
conditions were applied to derive pluripotent stem cells harbor-
ing characteristic features of either naïve or primed rodent ESCs 
(Boroviak and Nichols, 2017; Savatier et al., 2017; Ware, 2016; 
Guo et al., 2016; Chen et al., 2015; Gafni et al., 2013). 

The characteristics of early avian embryo development 

In birds, due to the telolecithe nature of the ovocyte, the first 
cleavages of the fertilized egg occur without complete segmenta-
tion of the yolk (Watt et al., 1993; Fabian and Eyal-Giladi, 1981). A 
description of the timing of development and cellularization process 
was hampered by the difficulty to collect well-staged embryos in 
the female tract. At oviposition, chick and quail embryos are at 
the late blastula stage (Eyal-Giladi & Kovak stage X -EGK-X to 
EGK-XII). In contrast, turkey and duck embryos are at mid-blastula 
(EGK-VII) and zebrafinch embryos at the early blastula (EGK-VI), 
(Mak et al., 2015; Murray et al., 2013; Sellier et al., 2006; Bakst et 
al., 1997; Eyal Giladi and Kovak, 1976,). During the cellularization 
process in chicken, the two main lineages, epiblast and hypoblast, 
are rapidly individualized from the early EGK-II stage. Zygotic 
gene activation starts at EGK-III stage. Cells undergo rapid cell 
proliferation resulting in the formation of multiple cell layers at the 
late blastula stage (Sheng, 2014; Nagai et al., 2015). Expression 
profiles of SOX3, ENS1/ERNI, GATA4, GATA6, DAZL NANOG, 
POUV and a few other genes have been described in chicken and 
zebrafinch ovipositional embryos, which helped to characterize the 
early developmental stages (Jean et al., 2015; Mak et al., 2015; 
Nagai et al., 2015; Lee et al., 2015). The presence of pluripotent 
cells at late chicken blastula stage (EGK-X – EGK-XII) embryos 
was demonstrated after injecting dispersed blastodermal cells 
(BCs) into same stage recipient embryos to generate somatic and 

germline chimeras (Petitte et al., 1990, Carscience et al., 1993; 
Kino et al., 1997; Etches et al., 1997). These observations led to 
the establishment of chicken embryonic stem cells (cESCs) from 
the BCs using a culture medium supplemented with serum, LIF 
and FGF (Fig. 2) (Pain et al., 1996). Long-term cultured cESCs 
were unable to produce germline chimeras with a high efficiency 
(Pain et al., 1996; Petitte et al., 2004). However, in birds, germ cells 
originate from a germplasm and follow a preformation process of 
the germ lineage in contrast to the inductive mechanism that exists 
in mammals (Extravour and Akam, 2003). Detection of DAZL and 
CVH RNAs and proteins as early as the first cleavages supports an 
early segregation of germ cells from the soma (Tsunekawa et al., 
2000; Lee et al., 2016; Mak et al., 2015). Moreover, the long term 
cultured primordial germ cells (PGCs) were also established from 
both circulating and gonadal germ cells, using culture conditions 
close to those originally used for the derivation of cESCs (Van de 
Lavoir et al., 2006; Choi et al., 2010; McDonald et al., 2010). Recent 
reports deciphering the signaling pathways presiding proliferation 
of long term cultured PGCs indicate that they are dependent on 
FGF2, insulin and Activin for long-term establishment (Whyte et 
al., 2015). Altogether, the early segregation of soma and germ 
lineages strongly suggests that cESCs and PGCs exhibit different 
molecular and developmental properties. Yet cESCs retain some 
plasticity for induction toward the germ lineage (Lavial et al., 2009). 

In birds, the presence of putative plenipotent and pluripotent 
cells in the embryo before the EG-X stage has been hypothesized 
but, until now, only demonstrated in the zebrafinch. This demon-
stration is only based on the expression of pluripotency markers; 
the demonstration that zebrafinch ESCs can suportv long-term 
propagation and chimera formation is lacking (Mak et al., 2015). 

Control of pluripotent states by culture conditions 

In mice LIF is a key factor to drive self-renewal via activation of 
the LIFR/JAK/STAT3 signaling pathway. A similar activity appears to 
operate in cESCs, evidenced by phosphorylation of STAT3 after LIF 

Fig. 1. Different states of plu-
ripotency were defined in the 
mouse model. Different states of 
pluripotency have been described in 
rodents, including the naïve state and 
the primed state. Mouse embryonic 

stem cells (ESCs), first established in vitro in the early 80’ from 
blastocysts, epitomize the naïve state of pluripotency, whereas 
the epiblast stem cells (EpiSCs) derived from the late epiblast of 
post-implantation mouse embryos epitomize the primed state 
of pluripotency. 2C cells are a rare sub-population of mouse 
pluripotent ESCs with molecular and functional characteristics of 
the blastomeres of the 2cell stage embryo. Each state is charac-
terized by specific gene markers and developmental properties. 

induction (Horiuchi et al., 2004) 
and stimulation of self-renewal 
and proliferation induced by all 
GP130-related cytokines tested 
including IL6, IL-11, OSM and 
CNTF (Pain et al., 1996). In mice, 
stabilization of the naïve state of 
pluripotency is achieved using 
PD0325901 and CHIR99021, two 
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pharmacological inhibitors of mitogen activated protein kinase 
kinase (MAP2K) and glycogen synthase kinase 3 (GSK3), respec-
tively (so-called 2i/LIF condition). (Ying et al., 2008; Nichols et al., 
2009). In birds, established cESCs cannot be propagated in 2i/LIF 
condition due to high toxicity of the GSK3 inhibitor (unpublished 
data). In the zebrafinch, MEK inhibitor seems to exert a positive 
effect on isolated BCs collected at the oviposition stage (EG-VIII), 
evidenced by the elevated expression of FBXO15, a marker of 
naïve pluripotency in mice (Mak et al., 2015). In human and non-
human primates, strategies were elaborated to reprogram ESC and 
induced pluripotent stem cells (iPSC) to naïve-like pluripotency. 
These studies make use of cocktails of kinase inhibitors, including 
inhibitors of MEK and GSK3b (Chen et al., 2015), MEK, GSK3b 
and FGFR (Takashima et al., 2014) and MEK, GSK3b, BRAF, 
JNK, ROCK and SRC (Gafni et al., 2013; Theunissen et al., 2014) 
The resulting cells exhibit many of the characteristic features of 
mouse naïve ESCs at both genetic and epigenetic levels. They 
have been extensively compared and their properties discussed 
(Theunissen et al., 2016; Savatier et al., 2017). The effect of the 
aforementioned small molecules on the growth and pluripotency 
of avian ESCs has not been reported. 

Hallmarks of avian pluripotency

The cardinal features of ESCs include alkaline phosphatase and 
telomerase activities, expression of specific cell surface antigens, 
transcription factors, and Endogenous retroviral elements (ERVs), 
a deregulated cell cycle, an unsual epigenetic landscape at both 
DNA and histone level, differentiation capacities, and chimeric 
competency. 

Immunocytological profile
Rodent ESCs have been extensively characterized using spe-

cific monoclonal antibodies originally raised against Embryonic 
Carcinoma (EC) cells. These antibodies are able to discriminate 
the original ‘undifferentiated’ state of these cells before induction 

of differentiation. In particular, antibodies from the Stage Spe-
cific Embryonic Antigen (SSEA) family, which recognize specific 
rearrangements of glycosylated proteins, have proved relevant 
tools for discriminating undifferentiated and differentiated cells 
(Solter and Knowles, 1978; Kannagi et al., 1983), as well as for 
identifying ESCs in primates (Thomson et al., 1996; 1998). These 
antibodies have also been used to characterize ESCs and germ 
cells in non-mammalian species, including birds (Pain et al., 1996; 
Lavial and Pain, 2010; McDonald et al., 2010), fishes (Panda et 
al., 2011, Sasado et al., 1999), and anuran frogs (Yoshida-Noro 
et al., 2010). Typically, cESC are positive for SSEA-1, SSEA-2, 
SSEA-3 antigens, a well as for another antigen designated EMA-1 
raised against mouse EC cells (Urven et al., 1988; Hahnel and 
Eddy, 1983). In contrast, they are negative for SSEA-4, a marker 
of human and non human primate ESCs (Lavial and Pain, 2010) 
(Fig. 3). 

Cell cycle distribution
One of the most striking feature of mouse naïve ESCs is their 

ability to proliferate very rapidly with a doubling time of 8 to 10h. 
In contrast, human and chicken ESCs exhibit a doubling time of 
18-20h and 16-18h, respectively. A few lines derived from local 
breeds exhibit a slower rate (Jean et al., 2013). Mouse ESCs have 
a distorded cell cycle distribution with approximately 20% in G1, 
70% of the cells in S phase, and 10% in G2/M phase. This is in 
contrast to mouse embryonic fibroblasts showing approximately 
80%, 10% and 10% of the cells in the G1, S, and G2/M phases, 
respectively. In contrast, cESCs have 40% of cells in G1 phase, 
40% in S phase, and 20 % in G2/M as compared to chicken 
embryonic fibroblasts (CEF) showing 60%, 10%, and 30% of the 
cells in G1, S, and G2/M phases, respectively. These data suggest 
that cESC also exhibit a distorded cell cycle distribution in line 
with the mouse data. No information regarding the expressing of 
cell cycle regulators (i.e. phosphorylation status of RB, expres-
sion of cyclins and cyclin:Cdk complexes) is available in cESCs 
(Coronado et al., 2013; Jirmanova et al., 2002). 

Fig. 2. Pluripotency in avian spe-
cies. The presence of pluripotent 
cells in late chicken blastula stage 
(EGK-X – EGK-XII) embryos was 
demonstrated after injecting dis-
persed blastodermal cells (BCs) 
into same stage recipient embryos 
to generate somatic and germline 
chimeras. These observations led 
to the establishment of chicken 
embryonic stem cells (cESCs) from 
the BCs. cESCs were character-
ized at the molecular level. No 
other pluripotent states have been 
reported yet in the avian species.
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Molecular profile
At the oviposition stage, chicken embryos contain 30,000 to 

40,000 cells forming epiblast and hypoblast. Only bulk analysis 
of the transcriptome of blastodermal cells, cESCs, and PGCs are 
available, confirmed by in situ hybridizations for a few pluripotency 
factors. In mice and Humans, several signaling pathways operate 
on ESC to regulate the balance between self-renewal and differ-
entiation. A network of transcription factors (TF) is involved in the 
establishment and maintenance of pluripotency. At the top of the 
list, Oct4, Sox2 and Nanog form the core pluripotency network, 
which regulates pluripotency by integrating positive and negative 
signals to repress commitment into differentiation. As mentioned 
earlier, some mouse genes are used as markers to discriminate 
the naïve and primed states of pluripotency. In avian species, the 
molecular characterization of cESCs and of early stage EGK-
X embryos has led to the identification of components of the 
pluripotency-associated gene network previously described in 
mice and other mammals (Hwang et al., 2016; Jean et al., 2015; 
Mak et al., 2015; Bertocchini and Stern, 2012; Lavial et al., 2007). 
However, the function of the avian homologs of mammalian pluri-
potency regulators in avian stem cell pluripotency remains poorly 
described. Only the function of POUV, NANOG and LIFR/JAK/
STAT signaling pathway in avian pluripotency has been examined 
(Nakanoh et al., 2017; Lavial et al., 2007). The Oct4 (Pou5f1) gene, 
one of the most important regulator of pluripotency in mammals is 
absent from the avian genome. In contrast, POUV, characterized 
as the ortholog of the mammalian POU5F3 gene seems to exert 
an OCT4-like function in avian pluriptotency (Frankenberg et al., 
2014; Frankenberg, 2015; Lavial et al., 2007). The NANOG gene 
is also playing a key role in the maintenance of avian pluripotency 
and is expressed in early embryos, cESC and PGCs (Nakanoh 
et al., 2015; 2017; Shin et al., 2011; Lavial et al., 2007; Canon 
et al., 2006). Chicken early embryos express the SOX3 gene at 

a high level, whereas cESCs express SOX2. Intriguingly, SOX2 
is only expressed in the neural plate of the developing chicken 
embryo (Roellig et al., 2017; Iwafuchi-doi et al., 2011; Rex et al., 
1997), suggesting an artefactual activation of SOX2 during cESC 
establishment in vitro. Unlike SOX2, SOX3 is only detected during 
early embryonic stages by in situ hybridization and transcriptomic 
analyses (Jean et al., 2015). Other naïve pluripotency-associated 
genes defined in mice, including SALL4, LIN28, DNMT3A, DNMT3B, 
NR0B1 and NR5A2, are also expressed in BCs, PGCs and cESC 
(Jean et al., 2015; Rengaraj et al., 2011). In contrast, the mouse 
naïve transcription factors TBX3 and KLF2 are not expressed in 
any of them (Dan et al., 2013; Antin et al., 2010). Additionally, until 
now REX1 (ZPF42) and UTF1 have not been found in the avian 
genome. Therefore, genes expressed in undifferentiated, long-term 
proliferating cESCs include SOX3, POUV (POU5F3), DNMT3B, 
EPCAM, CLDN1, VGLL2, EOMES, CFC1B, GATA5, NANOG, 
ESRP2, OTX2, TRIM71, GATA4, FOXA2, LIN28A, ASTL, ENS-1, 
CDH1 and SALL4 (Jean et al., 2015; Vautherot et al., 2017; Acloque 
et al., 2012; unpublished data). These genes encode transcription 
factors, DNA demethylases, and cell adhesion molecules. It should 
be noted that, except for POUV and NANOG (Lavial et al., 2007), 
evidence that these genes exert the same function in avian stem 
cells as in mammalian stem cells is lacking. 

ERVs as markers of the different pluripotency states
Endogenous retrovirus-like sequences (ERVs) are fossils of an-

cient retroviral integration into animal genomes. They represent up 
to 10% of mammalian genomes, 80 to 90% of plant genomes, but 
only 1.6% to 3% of the chicken genome as estimated by the Gal4 
genome assembly (Jurka et al., 2005; Mason et al., 2016). However, 
it remains unclear if this deficit in LTR retrotransposon-derived 
elements is biologically accurate or due to technical limitations in 
their annotation. Among these LTR retrotransposons, some of them 
are structurally intact. Transcription is rare, and most of the time is 
fragmented or does not code for functional proteins. Nevertheless, 
the identification of viral transcripts, the expression of co-opted 
genes such as gamma-retrovirus-derived Ovex1 gene, and the 
presence of a large number of intact LTRs stimulated the exploration 
of their function (Carré-Eusèbe et al., 2009). There is a growing 
body of evidence that ERVs are tightly regulated in pluripotent 
cells and participate in the regulation of mammalian development, 
suggesting that ERV expression has undergone positive selection 
during evolution (Rowe et al., 2010). As a matter of fact, even if 
most ERVs are no longer capable of complete transcription and/
or retrotransposition, some of them possess functional regulatory 
sequences that target their transcriptions at specific developmental 
stages and/or in specific tissues. Interestingly, it has been shown 
that ERV transcription is tightly regulated during the early steps of 
mouse development (Evsikov et al., 2004; Peaston et al., 2004; 
Solter et al., 2004). This is the case of MuERV-L, of which 25% 
of the approximately 700 copies are transcribed during a narrow 
window of development encompassing embryonic genome activa-
tion. MuERV-L is fully silenced by the morula stage (MacFarlan et 
al., 2012). The MuERV-L promoters (Mt2_mm) produce chimeric 
transcripts with 307 cellular genes, suggesting that they regulate 
the transcriptional activity of mouse genes. In chicken, c-ENS-1 
(also called cERNI) is a member of the large Soprano family 
identified by gene trap. It is strongly expressed in early chicken 
embryo and cESCs. Expression of the cENS-1 gene dramatically 

Fig. 3. Chicken embryonic stem cells (cESCs) are specifically recognized 
by the pluripotency-specific antibodies SSEA1 and EMA1. cESCs were 
cultured and blastodermal cells (BC) were observed in stage X–XII embryos. 
Immunodetection of SSEA1 and EMA1 markers (red) were performed as 
described (Fuet et al., in preparation). DNA was counterstained by TOPRO-3. 
Single confocal images are shown. Scale bar, 5 mm.
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decreases at the onset of cESC differentiation and its promoter 
activity is reduced by two-fold after treatment of cESC with retinoic 
acid. c-ENS1 gene is strongly expressed in the epiblast prior to 
gastrulation and during neural plate induction (Streit et al., 2000; 
Acloque et al., 2001, Lerat et al., 2007). Its expression is controlled 
by CP2 and NANOG, two transcription factors of the core pluripo-
tency network, and by GATA4 and ETS, two transcription factors 
required for extraembryonic endoderm differentiation (Mey et al., 
2012; Acloque et al., 2004). It has been suggested that c-ENS1 
functions as a repressor of SOX2 promoter through its interaction 
with Geminin and HP1g during early gastrulation. When the cells 
are assigned to a neural plate fate, they produce BERT protein, 
which destabilizes cENS1/Gemini/HP1g complex (Papayonotou et 
al., 2008). The role of BERT and its regulation in cESCs remain 
unclear. Its cytoplasmic and nuclear localization is differentially 
regulated upon differentiation (Blanc et al., 2014) showing that its 
regulation in pluripotent cells is more complex than expected and 
could play a role in the regulation of chicken pluripotency. 

Epigenetic landscape
The extensive characterization of mouse ESC has uncovered 

several epigenetic mechanisms involved in the establishment and 
maintenance of pluripotency (Orkin et al., 2011, Tollervey et al., 
2012). Epigenetic features related to chromatin can be observed 
both at the level of individual gene transcription control and at 
the level of chromatin organization in the nucleus. Promoters 
and enhancers of pluripotency genes remain free of epigenetic 
repressive marks, which will be only written at the onset of differ-
entiation (Pedersen et al., 2016. Petell et al., 2016). In contrast, 
the promoters of developmentally-regulated genes are inactivated 
by histone post-translational modifications (PTM) such as trimeth-
ylation of H3 lysine 27 (H3K27me3), and yet they are kept poised 
for transcriptional activation by the presence of trimethylation of 
lysine 4 (H3K4me3). This peculiar chromatin conformation is des-
ignated “bivalent domains”, and it is regulated by Polycomb and 
Trithorax group proteins (Voigt et al., 2013). Moreover, pluripotent 
cells display a unique higher-order organization of their genome, 

Fig. 4. Pluripotent avian cells exhibit 
epigenetic marks, some shared with 
their mammalian counterparts, some 
more specific. Chicken embryonic stem 
cells (ESC) were cultured and blastodermal 
cells (BC) were observed in tissue sections 
from stage X–XII embryos. Immunodetec-
tion of histone and DNA modifications 
were performed as described (Kress et 
al., 2016). (A) Transmission electron mi-
crograph of a cESC nucleus. Scale bar, 1 
mm. (B) Co-immunodetection of H3K9me3 
and H3K27me2/3. (C) Immunodetec-
tion of H3K9me2. (D) Immunodetection 
of H3K4me3. (E) Immunodetection of 
5-methylcytosine. (F) Immunodetection 
of 5-hydroxymethylcytosine. DNA was 
counterstained by TO-PRO-3, except in (E-
F) were propidium iodide was used. Single 
confocal images of representative nuclei 
are shown. Scale bar, 5 mm.

which is shaped by pluripotency factors 
(Denholtz et al., 2013, de Wit et al., 
2013). The abundance of poised genes 
and the hyperdynamicity of chromatin 
proteins in the nucleus would result in a 
globally more open epigenetic state in 
pluripotent than in committed or differ-
entiated cells (Meshorer et al., 2006). 
This open chromatin conformation is 
believed to provide mouse ES cells with 
a high plasticity for chromatin-related 
gene regulation mechanisms, enabling 
rapid integration of gene expression 
changes upon differentiation signals 
(Mattout et al., 2010). 

Few of the epigenetic modifications 
possibly involved in the maintenance of 
pluripotency have been investigated in 
avian ESC. Pluripotency gene expres-
sion control is likely to rely on similar 
mechanisms in chicken and mammals. 
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In particular, a low DNA methylation and a high acetylation of 
lysine 9 on H3 are important to keep pluripotency genes NANOG 
and POUV (POU5F3) active in cESC and EG cells (Wang et al., 
2016, Jiao et al., 2013). DNA methylation and hydroxymethylation, 
histone PTM such as lysine methylation or acetylation and the 
Polycomb and Trithorax protein complexes, which have been 
extensively described in mouse ESC (Orkin et al., 2011) are also 
likely involved in the control of the balance of expression between 
pluripotency and differentiation-. Indeed, most genes coding for 
modifiers of chromatin or DNA are expressed in cESC and BC 
(Jean et al., 2015; Kress et al., 2016). Notably, the DNA methyl-
transferase genes DNMT3A and B, but not DNMT1, are strongly 
expressed in pluripotent cells compared to differentiated cells. 
The genes encoding TET1 and TET3 enzymes, which catalyze 
the conversion of 5mC to 5hmC, are also strongly expressed. 
The expression levels of chromatin remodeling factors including 
BRG1/SMARCA4, HELLS/SMARCA6, SMARCC1, and SMARCD1, 
of histone acetylases and deacetylases including GCN5/KAT2A, 
HDAC1, and HDAC2, are higher in pluripotent cells as compared 
to diferentiated cells. Genes encoding histone methyltransferases 
and demethylases, Polycomb, and Trithorax genes are expressed 

at various levels in BCs and cESC. 
Chromatin modifiers are active in pluripotent chicken cells, as 

shown by the presence and distribution of DNA methylation and 
various histone PTM in the nuclei of cESC and BC compared to 
differentiated cells (Kress et al., 2016). However, some of the 
chromatin features specific to mESC are not found in cESC, and 
reciprocally, pluripotent chicken cells have specific features not 
observed in mESC. In mESC, the majority of the chromatin appears 
homogenous and decondensed in the nucleus of pluripotent cells, 
and it becomes heterogeneous in appearance with distinct hetero-
chromatin domains after differentiation (Fussner et al., 2011). At 
the cytological level, cESC display few prominent heterochromatin 
compartments (Fig. 4A). Whereas H3K9me3 and heterochromatin 
Protein 1g are enriched in diffuse regions in mESCs (Meshorer et 
al., 2006), large and well-defined H3K9me3-containing domains 
similar to those described in differentiated cells are already present 
in cESC and BC (Fig. 4B and Kress et al., 2016). Notably, these 
domains include pericentric heterochromatin (PCH), which embeds 
DNA repeats of centromeres and pericentromeres of multicellular 
eucaryotes and forms the cytologically distinct chromocentres 
(Kress et al., 2016). In chicken cells, the observable chromocenters 
correspond mostly to the PCH of microchromosomes (Maslova 
et al., 2015). The distribution of most histones PTM in pluripotent 
chicken cells is similar to what is observed in mammalian cells; the 
repression–associated H3K9me2 tends to be localized in DNA-
dense regions at the nuclear periphery, but not at chromocenters; 
active marks such as H3K9ac and H3K4me3 form numerous foci 
in euchromatic regions of the nucleus (Fig. 4 C-D and Kress et 
al., 2016). 

Trimethylation of H3K27, the common mark of facultative het-
erochromatin, shows a striking difference between mammalian 
and avian ESCs. In cESCs, H3K27me3 is essentially detected 
at PCH, whereas it is scattered in numerous small foci in mESCs 
(Fig. 4B). The presence of H3K27me3, together with H3K9me3, 
at PCH is also observed in BC nuclei in both chicken and duck 
embryo (Kress et al., 2016 and unpublished data). After differen-
tiation, the distribution of H3K27me3 marks gradually shifts to a 
mESC-like pattern (Kress et al., 2016 and unpublished data). The 
distribution of H3K27me3 marks at PCH was recently confirmed 
as a marker of pluripotency in avian ESCs because chicken and 
duck fibroblasts gain it when reprogrammed to iPS cells (Fuet et 
al., 2017; Fuet et al., in preparation). In chicken, global levels of 
DNA methylation and hydroxymethylation are similar in pluripotent 
cells and differentiated cells. as well as their nuclear distributions 
in heterochromatin and euchromatin compartments respectively 
(Fig. 4 E-F and Kress et al., 2016). 

Taken as a whole, epigenetic chromatin modifications of avian 
pluripotent cells are not strikingly different from those of mouse 
cells except the facultative heterochromatin mark H3K27me3, which 
co-localizes with constitutive heterochromatin. It is to be noted that 
cESC are representative of pluripotent cells of the embryo as they 
maintain patterns of chromatin and DNA modifications typical of 
BC even after prolonged culture. 

Differentiation of avian pluripotent stem cells 

Pluripotent stem cells are able to give rise to a differentiated 
progeny representative of all of the embryonic germ layers, ecto-
derm, mesoderm and endoderm. In vivo, once injected into host 

Fig. 5. Established chick embryonic stem cells (cESC) are able to con-
tribute to chimeras. Long term proliferating cESCs were GFP-labeled with 
a lentiviral vector and injected into EGK-X-XII stage embryos as previously 
described (Aubel and Pain, 2013). A HH10 stage embryo presenting GFP 
cells (green) inserted in different areas of somatic tissue is shown. Nuclei 
were stained with Hoechst (blue). 
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Fig. 6. Chicken embryonic stem cells (cESCs) can be differentiated toward various cell types and 
provide support for viral replication. (A) cESC were induced into differentiation and provided long-term 
proliferating keratinocytes as described (Couteaudier et al., 2015). The differentiated cells presented in-
volucrin expression associated with keratinocyte commitment (green) and intracytoplasmic lipid droplets 
(arrow). Nuclei were stained with Hoechst 33342 (blue). (B) cESCs were induced into mesenchymal cells 
as described (Vautherot et al., 2017). They displayed a mesenchymal cell morphology with numerous stress 
fibers (yellow). They were able to replicate Marek’s disease virus (MDV) as shown by the spreading of the 
recombinant labelled virus (red) with the gI glycoprotein (green). Nuclei were stained with DAPI (blue).

mesenchymal cells (Fig. 6C) (Couteaudier et al., 2016, 
Vautherot et al., 2017). 

Re-capturing avian pluripotency in vitro

Somatic cell reprogramming can be used to generate 
induced pluripotent stem (iPS) cells. Reprogramming is 
commonly achieved by overexpressing four transcrip-
tion factors, Oct4, Sox2, Klf4 and c-Myc (referred to as 
the OSKM cocktail) (Takahashi and Yamanaka, 2006; 
2016; Karagiannis and Eto, 2016). Other gene com-
binations have been used, such as the OSNL cocktail 

embryos, cESCs are able to participate in the formation of all 
the somatic tissues and product chimeric embryos. The rate of 
chimerism can vary considerably from one chimera to the other. 
However, germ line colonization is very rare (Fig. 5) (Pain et al., 
1996; Petitte et al., 2004; Van de Lavoir et al., 2006). In vitro, dif-
ferent protocols have been described to generate differentiated 
cells with specific phenotypes and properties. Typically, cESCs are 
induced to differentiate by the formation of embryoid bodies (EBs) 
in non-adherent culture plates. EBs are subsequently replated onto 
adherent plates in a culture medium supplemented with various 
differentiation inducers (Pain et al., 1996; Aubel and Pain, 2013). 
Differentiation can also be induced from a monolayer of adherent 
cESC using various cytokines and growth factors. As an example, 
mesoderm derivatives were obtained by treating cESCs with 
b-glycerophosphate and ascorbic acid, whereas treatment with 
WNT3A and ACTIVIN A induced endoderm differentiation (Boast 
and Stern, 2013). The combination of stromal cell-derived inducing 
activity (SDIA) (Kawasaki et al., 2000), BMP4 and ascorbic acid gave 
rise to long-term proliferating keratinocytes (Fig. 6A) (Couteaudier 
et al., 2015). Hexamethylene bis acetamide (HMBA) during SDIA 
induction was also used to derive the ESCDL-1 mesenchymal cell 
line (Fig. 6B) (Vautherot et al., 2017). 

Avian ESC and their in vitro derivatives have the ability to 
replicate several types of viruses, which offers biotechnology and 
industrial applications. Duck EB66® is one of the most promising 
avian cell line for this purpose. Unlike other cell lines (i.e. AGE1.
CR® and DuckCelt®-T17), it was derived without any immortalizing 
agent (Leon et al., 2016; Jordan et al., 2009; Jordan et al., 2016; 
Petiot et al., 2017) and it can replicate a large spectrum of viruses. 
However, not all virus families could be successfully replicated 
with undifferentiated avian ESCs (Leon et al., 2016; Naruse et 
al., 2015). A few virus families require differentiated cells such as 
Mardiviruses that can be replicated on keratinocytes and ESCDL-1 

B

A

(Oct4, Sox2, Nanog and Lin28) (Yu et al., 2007). Other genes and 
molecules were shown to increase the efficiency of somatic cell 
reprogramming in mice and Humans (Stadtfeld and Hochedlinger, 
2010). Somatic cell reprogramming appears to be far more difficult 
to achieve in non-mammalian species. Few studies, using human 
and mouse transcription factors as reprogramming genes reported 
the derivation and characterization of iPS-like cells in chicken 
(designated ciPS cells) (Choi et al., 2016; Yu et al., 2014; Lu et al., 
2015; 2012; Rosselo et al., 2013). By using chicken genes, iPS-like 
cells were also generated. In these studies NANOG was essential, 
in addition to the canonical OSKM gene combination, to achieve 
long term proliferating ciPS-like cells (Fuet et al., 2017; Katayama 
et al., 2017). ciPS cells exhibit markers of cESCs demonstrating 
reprogramming. However, there are not fully reprogrammed, as 
they still express some of the transgenes. Moreover, they seem to 
be impaired in their differentiation potential, suggesting abnormal 
reprogramming (Fuet et al., in preparation). 

Conclusions 

The exploration of avian pluripotency is still in its infancy. Cell 
puripotency can be demonstrated in vivo by the production of 
somatic and germline chimeras using cells isolated from pre-
gastrulating embryos. Pluripotency is also evidenced in vitro by 
the long-term propagation of avian ESCs in culture, with properties 
very similar to those described in mammals. In chicken, pluripotent 
cells are present at the EGK-X-XII blastula stage. However, we 
lack a comparison with cells derived from EGK-VII early blastula 
as reported in the zebrafinch embryo. From the molecular point of 
view, in vitro cESCs exhibit an epigenetic profile similar to that of 
BCs cells. They also display a gene expression profile character-
ized by the expression of the cardinal regulators of pluripotency 
POUV (POU5F3), NANOG and SOX2, by the expression of naïve 
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pluripotency-specific genes SALL4, LIN28, DNMT3A, DNMT3B, 
NR0B1 and NR5A2, and by the expression of primed pluripotency-
specific genes including EOMES, CFC1B, GATA5, OTX2, GATA4 
and CDX2. A mixed naïve/primed expression profile could reflect 
either cell heterogeneity within the population of cESCs, or a 
gene expression profile intrinsic to avian pluripotency, or both. It 
is very important to bear in mind that markers of naïve and primed 
pluripotency have only been defined in rodents. Thus, it is still a 
speculation to conclude on the existence of naïve and primed 
states of pluripotency in avian species. If various states of pluri-
potency do exist in birds, they are likely to diverge from the naïve 
and primed states described in mice both in molecular markers 
and underlying mechanisms. 

cESCs are able to contribute to somatic tissues and produce 
embryonic and adult chimeras when injected into recipient embryos. 
In contrast, germ line contribution is still a rare event, which might 
be explained by the bird-specific mechanism of germ lineage 
segregation. 
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