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SUMMARY

Pluripotency refers the ability that can differentiate 

into any of the three germ layers; endoderm (gastrointestianl 

tract and lung), mesoderm (muscle, blood and bone) and 

ectoderm (nervous system and epidermal tissues). In 

mammals, embryogenesis is accompanied with a gradually 

loss of developmental capacity from a zygote which has 

totipotency. The zygote take series of cleavage to form 

cluster of cells for further development. The cluster of cells 

differentiate into ICM which has pluripotency and will makes 

body proper and trophectoderm which will differentiate into 

extraembryonic lineage cells. 

In vivo, pluripotency is gradually acquired from 

zygote through ZGA and pluripotent gene network. 

Embryonic pluripotency in the mouse is established and 

maintained by a gene-regulatory network under the control 

of a core set of transcription factors that include 

octamer-binding protein 4 (Oct4; official name POU domain, 

class 5, transcription factor 1, Pou5f1), sex-determining 

region Y (SRY)-box containing gene 2 (Sox2), and 

homeobox protein Nanog. Notwithstanding usage in 

development biology, the studies for pluripotency in avian 

embryos is still remains largely unknown. Thus, to compare 

and analyze the acquisition of pluripotency between mammals 

and aves, we select chicken as a model of aves. 
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We studied early development of intrauterine period 

of chick blastoderm. We described the general development 

of chick embryo. To investigate the novel phenomenon of 

chick development, firstly, we hypothesized that the gravity 

is one of the reason for shedding mechanism. We conducted 

ex vivo culture and the results indicate that gravity has no 

or little impact on the shedding phenomenon of chick 

blastoderm. Secondly, we conducted TUNEL assay with 

EGK.VIII blastoderms to detect programmed cell death 

(apopotosis). But, we cannot detect any TUNEL positive 

signals in shedding cells. Taken together, cell shedding, the 

novel mechanism of chick blastoderm during area pellucida 

formation, is not a passive moving of cells which is occurred 

by gravity or apoptosis.

Next, we investigated the similarities of amino acid 

sequences of core pluripotent genes cPOUV and cNanog. As 

results, DNA binding domains of cPOUV and cNanog are 

highly conserved among the species, but the full length 

similarities of amino acid are low. Then, we focused on 

Nanog homeodomain of mouse and chicken were analyzed 

using PHYRE2. The results indicate that Nanog homeodomain 

of mouse and chicken have similar secondary structure and 

DNA binding sites. According to DNA binding domain 

similarity, we can assume that the function of chicken Nanog 

is similar to mouse.

 To investigate the expression of pluripotency related 

gene, we harvested chick blastoderms of intrauterine period 
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by abdominal massage and classified the blastoderms 

according to Eyal-Giladi and Kochav’s criteria. White 

Leghorn (WL) hens (54-56 weeks old) were used for the 

collection of intrauterine eggs. To collect oocytes, WL hens 

were sacrificed and the follicles were detached from the 

ovaries. Then, spatial and temporal expression patterns of 

pluripotent genes were observed during intrauterine stages 

of chick using PCR and in situ hybridization.

 RT- and Real time-PCR were conducted to 

investigate the expression of cPOUV, cSOX2, cNANOG and 

ENS-1. As results, EGK.X which is homologue of mouse 

blastocyst, has all the pluripotency related gene expression 

except cSOX2. However, expression dynamics is differ from 

those of mouse. Mouse Oct4 and Sox2 are maternally 

inherited and Nanog is upregulated by Oct4- Sox2 

transcriptional complex in mouse embryo. But, in chicken, no 

cPOUV transcripts are found in the oocytes and cNANOG is 

expressed from the oocyte to EGK.X instead of cPOUV. 

cSOX2 is not exist until EGK.X in which pluripotency is fully 

acquired. Taken together, The lineage specific expression 

pattern of chick pluripotent genes are conserved. But their 

expression dynamics are differ from what occur in mammals 

and the underlying mechanisms could be different from 

mammals. Also, our results revealed that pluripotency seems 

to be related to cell shedding which is novel mechanism of 

chick early development. This work will serve as a 

foundation for the better elucidation of the mechanism of 
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pluripotency formation and lineage segregation, as well as 

for the comparative information of the evo-devo among the 

species. 
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CHAPTER 1 

Introduction
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Early mammalian development is featured by a certain 

stage, the blastocyst, when embryonic and extraembryonic 

lineages have been specified, but gastrulation and axis 

formation has not yet begun. The blastocyst is also 

important  because the cell population of inner cell mass 

have the capability to generate all the cell types of the adult 

animal. 

The pluripotency of inner cell mass is maintained and 

established by a regulatory network which include a subset 

of transcription factors, comprising Oct4, Sox2 and Nanog. 

The core transcription factors of this network work together 

by means of auto- and cross-regulatory interactions and 

also through direct and overlapping binding to multiple 

locations where they regulate downstream target genes 

(Boyer et al., 2005, Loh et al., 2006, Marson et al., 2008) 

After compaction, the first lineage segregation of the 

developing mammalian embryo is the specification of the 

inner cell mass (ICM) and trophectoderm (TE) at the morula 

stage. The Outer most cells of morula stage gradully specify 

into the TE forming precursors and the inner cells specify 

into the ICM precursors. In blastocyst stage, ICM and 

blastocyst cavity are surrounded by TE. In the late 

blastocyst a second lineage decision is occurred according to 

expression of specific transcription factor. The primitive 

endoderm (PE), an extraembryonic endoderm cell layer has 

been specified and segregated from ICM. The remained cells 
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of ICM in late blastocyst become the epiblast, the precursor 

cell population of the embryo proper (Rossant and Tam, 

2004). The most important feature of ICM and epiblast 

populations is the ability to differentiate into all embryonic 

tissues and germ layers. Both of ICM and epiblast are the 

source of embryonic stem cells (ESCs) which have 

pluripotency under specific culture conditions. The 

pluripotency of ICM and epiblast is lost gradually as the 

embryo differentiate into the preimplantation stage of 

embryos. After implantation, the pluripotency is restricted 

only in the primordial germ cells which is precursors of 

germ line cells and deliver their genetic information to next 

generation. 

Understanding of the genetic regulatory network of 

pluripotency is based mainly on studies with mutant mice 

and ESCs of mouse and human embryos. Due to intensive 

studies of preimplantation stage, lineage segregation in 

mouse embryo is tightly regulated by gene regulatory 

networks (GRN) in which subset of transcription factors are 

involved (Boiani and Scholer, 2005). Despite the pluripotency 

network is conserved in mammals, little information is 

available and studied regarding its evolutionary conservation 

in other vertebrates. 

In this study, to compare and analyze the acquisition 

of pluripotency between mammals and aves, we select 

chicken as a model of aves. Firstly, we described early 

development and investigated cell shedding which is novel 
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mechanism of chick develoment. Next, we investigated 

pluripotency acquisition during intrauterine period of chick 

blastoderm. Our results will serve valuable foundation of 

chick development.
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CHAPTER 2 

Literature Review
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1. Early development of mammalian embryos

The development of the mammalian embryos involves 

an ordered series of lineage specifications and axis 

formation. In many invertebrates and vertebrates, cell 

cleavages in asymmetric manner in the egg correlate with 

the distribution of determinants that effect on lineage 

segregation and axis formation. 

The mouse blastocyst consists of three different cell 

population include the trophectoderm (TE), the epiblast and 

the primitive endoderm. The epiblast differentiate into the 

embryo itself, whereas the other two cell population give 

rise to extra-embryonic cell lineages which support the 

development of the embryo in uterus.

 1.1. The first lineage specification of early embryos in 

mouse

The first lineage specification occurs at morula stage 

of mouse embryos. With the consequence of first lineage 

specification, morula cells are differentiate into two different 

cell population, trophoblast and inner cell mass (ICM). Cdx2, 

a caudal-related homeodomain protein, and Eomes, a T-box 

transcription factor, are two important transcription factor of 

the trophectoderm differentiation. For example, the 
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expression of Cdx2 in ESCs allows them to differentiate into 

trophoblast (Niwa et al., 2005).

 In the embryos, Cdx2 starts to be expressed at the 

eight cells and restricted and upregulated in the outer cell 

population of the morula (Dietrich and Hiiragi, 2007, Ralston 

and Rossant, 2008). The cells which have pluripotency in 

ICM express transcription factors such as Oct4 (Nichols et 

al., 1998), Sox2 (Avilion et al., 2003, Nichols et al., 1998) 

and Nanog (Chambers et al., 2003; Mitsui et al., 2003). The 

expression of these transcription factors are detected in 

every cells during cleavage, and are gradually restricted to 

the ICM. The restriction of Oct4 depends on Cdx2. In Cdx2 

null embryos, Oct4 and Nanog expression remain in TE 

(Ralston and Rossant, 2008). Thus blastocyst lineage 

specification begins with the expression of TE specific 

transcription factor Cdx2 and their repression function to 

pluripotent genes which need to sustain ICM. Later, the 

reciprocal repression of TE lineage genes by Oct4, Sox2 and 

Nanog in the pluripotent lineages (Loh et al., 2006, Boyer et 

al., 2005), combined with the auto regulatory feed back of 

the Oct4 (Chew et al., 2005) and Cdx2 genes (Xu et al., 

1999; Beland et al., 2004), support the maintenance of 

proper lineage specification.

Cdx2 null embryos show no abnormality in initiation 

of blastocyst formation (Strumpf et al., 2005). But, in 

blastocyst, Cdx2 null embryos lose integrity in outer 

epithelium of the blastocyst. Also outer cells do not 
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differentiate into further trophoblast lineages (Strumpf et al., 

2005). 

Eomes null embryos of mouse are arrested in 

blastocyst stage but at a slightly later stage than in Cdx2 

mutants (Russ et al., 2000, Strumpf et al., 2005). The 

expression of Eomes is reduced in Cdx2 null embryos but 

Cdx2 is still expressed in Eomes null embryos, placing the 

Eomes transcription factor downstream of Cdx2 (Ralston and 

Rossant, 2008, Strumpf et al., 2005). Neither Cdx2 and 

Eomes null embryos fail to initiate of TE formation, 

suggesting that there may be more upstream regulator of 

Cdx2 and Eomes. Further studies have shown that the TEA 

domain/transcription enhancer factor family, TEAD4, is 

important to expression of Cdx2 for the formation of the TE 

lineage (Nishioka et al., 2008, Yagi et al., 2007). 

Transcription factor TEAD4 null mouses show a more 

severe phenotype than Cdx2 and fail to support Cdx2 

expression, placing TEAD4 at the top of the transcription 

factor for TE lineage specification. TEAD4 gene function as 

transcription factor with a co-activator, Yorkie (Yki) in 

Drosophila or Yap (Yes-associated protein) in mammals 

(Vassilev et al., 2001, Zhao et al., 2008). So 

nuclear-localized Yap could be the most pivotal clue for 

TEAD function in TE lineage differentiation. Although there 

are intensive study on TE formation, the transcription factor 

networks that drive TE formation are still not fully 

understood. 
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 1.2. The Second lineage specification of early embryos in 

mouse

The second lineage specification of mouse embryos 

initiate with transition of ICM to epiblast and primitive 

endoderm. Recently, there are intensive studies which 

explain how cells in the ICM of the blastocyst can be 

segregated into the progenitors of the epiblast and primitive 

endoderm. Whereas the first lineage specification of ICM and 

TE formation depends on cell position, the second lineage 

specificatioin is conversed to those of the first. The epiblast 

versus primitive endoderm specification in the ICM appears 

cell fate precedes and designate the cell position. Until 

recently, it was thought that all ICM cells at E3.5 have 

equivalent potency for differentiatioin. The individual cells of 

ICM at E3.5 show the exclusive expression of either epiblast 

specific genes such as Nanog or primitive endoderm specific 

genes such as Gata4 and Gata6, refered to as 'salt and 

pepper’pattern prior to the formation of the primitive 

endoderm layer (Chazaud et al., 2006; Gerbe et al., 2008). 

The cell tracing and chimera analysis has proved that the 

descendant of individual cells in ICM are firstly restricted in 

each specific fate (Chazaud et al., 2006). These studies 

explain that thare are a new model of epiblast/primitive 
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endoderm formation based on an mosaic lineage specific 

expression of two lineage progenitors at E3.5 mouse 

embryos, followed by cell sorting and migration to the 

appropriate positions in the ICM at E4.5 (Rossant et al., 

2003). Single cell genome-wide expression analysis also 

shows that undifferentiated ICM at E3.5 embryos consist of 

two populations of cells, one for expression of primitive 

endoderm genes and the other for expression of pluripotent 

epiblast like genes (Kurimoto et al., 2006). In addition to 

cell position, cell signaling is also important for the second 

lineage specification. In particular, signaling through a Grb2 

(growth receptor bound protein 2)-dependent pathway is 

needed to the initiation of primitive endoderm gene 

expression (Chazaud et al., 2006). Grb2 is an adaptor 

protein that can activate receptor tyrosine kinase to the 

downstream MAP kinase signaling pathway. In the absence 

of Grb2, formation of primitive endoderm is not occurred and 

all cells in the ICM express Nanog and show epiblast 

feature.

2. Early development of avian embryos

2.1. Before the first cleavage of chick blastoderm

Development of the chick as starting at incubation 

needs 21 days for hatching, ex utero. After laying, the 
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incubation of fertilized eggs initiates the process of 

gastrulation in the blastoderm. The initial stages of 

development thus proceed before laying. Most of studies in 

chick early blastoderm have taken using the embryos after 

ovipostion because of the practical difficulties to harvest the 

embryos before ovipostion. But, some of the most critical 

events occur during the first day of chick development. 

After ovulation, fertilization takes place in the 

infundibulum within 15minutes. The cytoplasm of zygote is 

lighter than the yolk, so zygote lie on the uppermost side of 

the yolk. As the egg passes down the oviduct, they are 

gradually covered by the albumen which is secreted from 

magnum. The time for the first cleavage has occured 

approximately 6 hrs (Patterson, 1910) and 5.5 hrs (Olsen, 

1942) after the laying of the previous egg. 

2.2. Cleavage period

Chick development is traditionally divided according to 

two staging systems, the Hamburger and Hamilton (HH) 

stage for after oviposition and the Eyal-Giladi and Kochav 

(EGK) stage for before oviposition. The intrauterine period 

is covered by EGK stage and is divided into 10 stages (from 

EGK.I to EGK.X). Cellularization, zygotic genome activation 

(ZGA) and layer increase take place in the first six stages 

(from EGK.I to EGK.VI) usually called cleavage period. Cells 
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become smaller as development proceed and the subgerminal 

cavity first appears at EGK.II to EGK.III. Cell layers are 

gradually increase up to 5 or 6 cell layers. This process 

continues until EGK.VI when all cells are cellularized.

The first important feature in cleavae stage of early 

chick blastoderm is lagged cytokinesis. From first cleavage, 

cytokinesis lags behind nuclear division. And the second 

feature is ZGA. ZGA occurs in two waves in vertebrate 

embryos (Tadros and Lipshitz, 2009). An early/minor wave 

as the earliest sign of ZGA and a late/major wave 

representing a robust and large scale increase in ZGA. In 

the zebrafish, the minor ZGA starts at cleavage stages 

(64-cell stage) and the major one at early blastula stage 

(Mathavan et al., 2005). In the mouse, the minor ZGA starts 

at one-cell stage and the major one at two-cell stage 

(Wang and Dey, 2006); whereas in human, the minor ZGA 

starts at two-cell stage and the major ZGA at the four- to 

eight-cell stage (Vassena et al., 2011, Xue et al., 2013). 

Timing of ZGA onset is influenced by nucleocytoplasmic 

ratio, maternal clock, transcript abortion, and epigenetic 

modification (Tadros and Lipshitz, 2009), the first two of 

which are related to oocyte organization, early cleavage 

pattern and developmental speed. In this respect the chick 

embryo resembles more the fish and frog embryos than the 

mouse or human embryos. Radioisotope labeling (Wylie, 

1972) and electron microscopy (Raveh et al., 1976) studies,  

suggested that there is no prominent ribosomal RNA 
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synthesis before EGKIII. One may predict based on these 

lines of evidence that the minor ZGA in the chick starts at 

mid-cleavage stages (EGK-II to -IV) and the major ZGA at 

late cleavage stages (EGK-IV to -VI). Indeed, 

phosphorylated RNA polymerase II immunostaining showed 

that ZGA in the chick starts at early EGK-III during the 7th 

to 8th nuclear division cycle (Nagai et al., 2015).

2.3. Area pellucida formation period

During area pellucida formation period increased cell 

layers gradually decrease. The cells in the deeper layers of 

the posterior end round up, detach from the blastoderm, and 

shedding out into the subgerminal cavity. As a result, 

subgerminal cavity is more expended. The cell shedding is 

continues to anterior direction. After finish the cell shedding, 

the blastoderms have one or two cell layers. The shedded 

region is seen as relatively bright so called area pellucida 

and marginal region of blastoderm has lots of cells which 

still remain so that region called as area opaca.

The uppermost layer of the blastoderm become 

somewhat organized epithelium and small population of cells 

drop out from uppermost layer or made from posterior 

region. The newly made cells are hypoblast or primitive 

endoderm.
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 3. Recent studies on pluripotency in mammalian embryos

 

Totipotency defined as the ability of a single cell to 

develop into an organism, while pluripotency refers to the 

ability of a single cell to differentiate into three germ layers 

of the embryo except the extra- embryonic lineages. Some 

group of scientists suggest that zygotic genome activation 

(ZGA, also referred to as EGA, for embryonic genome 

activation) is needed for the change of status from 

totipotency to pluripotency (Kidder and Mclachlin, 1985, 

Camous et al., 1986, Jarrell et al., 1991, Schramm et al., 

1999) The change of status from totipotency to pluripotency 

is accompanied by major changes in chromatin remodeling, 

histone modifications such as H3K27me3 and H3K4 me3 

(Santos et al., 2005) and DNA methylation (Smallwood et 

al., 2011, Smith et al., 2012).

 

3.1. POUV

Oct3/4 (octamer-binding transcription factor 3/4) also 

known as POU5F1 (POU domain, class 5, transcription factor 

1) belongs to POU family members act as transcriptional 

repressors or activators depending on their co-factors. In 

addition, the control of Oct-3/4-Sox-2 complex identified a 

Sox-2 regulatory region (Tomioka et al., 2002). Moreover,   
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It has been reported that Octamania, the POU factors 

including Oct4 and 6, are expressed as early as in the 

preimplantation embryo and thus may regulate early events 

of murine development (Scholer, 1991).  Mouse pluripotent 

ES cells are controlled by the POU transcription factor 

Oct3/4 and its expression is restricted to pluripotent cells 

(Pesce et al., 1998a)  and downregulated during 

spermatogenesis and oogenesis (Pesce et al., 1998b).  In 

addition, it has been reported that Oc3/4 is important for 

setting founder pluripotent cells during murine ESC 

formation. (Nichols et al., 1998 Niwa et al., 2002). 

Moreover, Oct3/4 expression is able to prevent ESCs 

differentiation upon withdrawal of LIF, and if its expression 

maintained at a critical level, it can prevent ESC 

differentiation (Niwa et al., 2000).

3.2. Nanog

Nanog is homeodomain-containing protein centrally 

positioned in the transcriptional network of pluripotency 

(Boyer et al., 2005, Cole et al., 2008, Loh et al., 2006, 

Wang et al., 2006). Nanog is essential for early embryonic 

development (Mitsui et al., 2003). Nanog is expressed from 

the morula stage and is in pluripotent embryo cells, 

derivative ES cells, and the germline cells of mammals and 
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birds (Chambers et al., 2003, Lavial et al., 2007, Mitsui et 

al., 2003, Yamaguchi et al., 2005). Nanog null mouses do not 

develop over the implantation (Mitsui et al., 2003). An inner 

cell mass (ICM) is evident in mutant blastocysts and the 

collapse of post-implantation development has been assumed 

to reflect a requirement for Nanog to maintain and expand 

the pluripotent epiblast (Mitsui et al., 2003). 

However, conditional gene deletion in ES cells 

revealed that Nanog is not essential for propagation of 

pluripotency ex vivo (Chambers et al., 2007). Nanog null ES 

cells are more prone to differentiate but can be maintained 

indefinitely. Moreover, they contribute extensively to somatic 

chimeras, presenting a major discrepancy with the embryo 

deletion analysis.

Over-expresssion of Nanog is sufficient to maintain 

self-renew of undifferentiated ES cells without LIF which is 

important to sustain stemness of ESC (Chambers et al., 

2003.) Interestingly, Nanog is not one of the reprogramming 

transcription factors to induce pluripotency from somatic 

cells (Maherali et al., 2007; Okita et al., 2007; Takahashi et 

al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 

2007). But Nanog is essential for transit to ground state of 

pluripotency from intermediates (Silva et al., 2009). 

Proper expression of Nanog is also important for 

early development and acquisition of pluripotency in epiblast. 

Heterozygous Nanog blastocysts have improper inner cell 
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mass and delayed formation of primitive endoderm. Thus, 

biallelic expression of Nanog at proper developmental time is  

important to make fully functional pluripotent epiblast 

(Yusuke and Maria-Elena, 2012).

3.3. Sox2

SRY (sex determining region Y)-box 2, also known 

as SOX2, is a transcription factor belonging to the SoxB1 

subfamily of genes (Miyagi et al., 2009), essential to 

maintain self-renewal of undifferentiated embryonic stem 

cells. Sox2 is involved in maintaining pluripotency through 

Oct3/4 (Chickarmane et al., 2006). In early mouse 

development, Sox2 is first expressed in the Inner Cell Mass 

(ICM) where its role was proposed to maintain cells in 

undifferentiated state (Wegner, 1999 Wood and Episkopou, 

1999) and in the early neural plate (Uwanogho et al., 1995 

Wood and Episkopou, 1999). It has been shown that Sox2 is 

required for very early embryonic development since Sox2 

null mutant mice faild to develop beyond implantation 

(Wegner, 1999). Sox2 is also expressed in three types of 

stem cells including neural, embryonic (ES cells) and 

trophoblast stem cells (Wiebe et al., 2000 Yuan et al., 1995 

Zappone et al., 2000). The main role of Sox2 in mouse ES 

cells is maintenance of the level of Oct-3/4 expression, 

since Sox2-null ESCs failed to maintain pluripotency and 
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exhibit alteration in the expression of factors acting Oct3/4 

upstream (Gu et al., 2005, Schoorlemmer et al., 1994). 

3.4. Pluripotency in other vertebrates 

Derivation of embryonic stem (ES) cell lines has 

been achieved only for mouse and primates. Recently, 

studies of pluripotent genes are started for evolutionary 

aspects of pluripotency. For example, Oct4 homologous gene 

has been identified in Xenopus (Hinkley, 1992), zebrafish 

(Burgess et al., 2002), Axolotl (Bachvarova et al., 2004).

In Xenopus, when the zygotes are differentiated into 

the blastula, blastocoelic roof called as 'animal cap' consists 

of ectodermal cells. These ectodermal cells have 

pluripotency and differentiate into all the three germ layers 

(Okabayashi and Asashima, 2003). In early amphibian 

development, Oct4 homologues of Xenopus function as 

repressors of germ layer specification (Morrison and 

Brickman, 2006). Interestingly, except Xenopus, a single 

Oct4 homologous gene exists in animals. Xenopus has three 

homologous of Oct4 (Oct25, Oct60 and Oct91). According to 

expression patterns and function, Oct91 is the closest to 

mammalian Oct4 (Morrison and Brickman, 2006, Venkatarama 

et al., 2010). In Xenopus, homologous of Oct4 interferes the 

function of maternal VegT and β-catenin and inhibit the 
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mesendodermal differentiation (Cao et al., 2007).

Nanog homologous gene has been identified in 

zebrafish (Schuff et al., 2012), axolotl (Dixon et al., 2010), 

but not in Xenopus (Scerbo et al., 2012, Schuff et al., 

2012). It demonstrated that Xenopus Nanog might be 

disappear in the Xenopus genome. But, two research groups 

suggest that vent1/2 (ventx) might play the functions of 

Nanog in Xenopus (Schuff et al., 2012, Scerbo et al., 2012). 

Formerly, Vent1/2 acts as down stream targets of BMP 

signal by which dorso-ventral patterning is determined. 

However, overexpression experiments by two groups show 

that these genes regulate not only for the dorsoventral axis, 

but also for the differentiation of mesendoderm (Schuff et 

al., 2012, Scerbo et al., 2012). 

Xenopus Sox2 exists both maternally and zygotically 

like mouse. Also Klf4 expression shows importance of early 

development of Xenopus (Ehlermann et al., 2003). During 

Xenopus embryogenesis, Sox2 is maternally expressed at a 

relatively low level, but its expression increases after 

mid-blastula transition and localizes specifically to the 

neuroectoderm during gastrulation and to the neural plates 

during neurulation. Interestingly, the B1 subgroup Sox 

proteins repress VegT/β-catenin stimulated nodal 

expression and Wnt/β-catenin signaling (Zhang et al., 2003, 

Zhang et al., 2004). Therefore, Sox2 is similar to Oct4 

homologous proteins in their functions in the inhibition of 

mesendoderm germ layer formation in Xenopus.
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In case of zebrafish, the maternal transcription factors 

Oct4 and Eomesodermin A (EomesA) of zebrafish are 

involved in epiboly initiation. Both maternal and zygotic 

Pou5f1 mutant zebrafish shows delayed doming, epiboly and 

lack of endoderm (Lachnit et al., 2008; Lunde et al., 2004; 

Reim et al., 2004). Like mammals, zebrafish Oct4 is 

expressed ubiquitously during cleavage and blastula stages 

but becomes restricted to the epiblast during gastrulation.

Pluripotency network of zebrafish is demonstrated 

that core transcription factor govern the zygotic genome 

activation (ZGA). Interestingly, ZGA of zebrafish coincides 

with the stage of embryonic pluripotency. By analysis of 

ribosome profiling, it was demonstrated that  zebrafish 

Nanog, Pou5f3 and SoxB1 are the most highly translated just 

before ZGA (Lee et al., 2013). Loss of these factors show 

developmental arrest before the gastrulation and failure of 

ZGA (Lee et al., 2013, Leichsenring et al., 2013). These 

results clearly demonstrated novel function of pluripotency to 

ZGAin zebrafish. This effect of pluripotency might be 

different from mouse, because genetic removal of OCT4 

from mouse oocytes does not affect ZGA, totipotency–
pluripotency and developmental competence (Wu et al., 2013, 

Wu and Scholer, 2014).
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3.5. Pluripotency networks

The POU domain-containing Oct4 and the HMG 

domaincontaining Sox2 are two other transcription factors 

known to be essential for normal pluripotent cell 

development and maintenance (Nichols et al., 1998, Avilion 

et al., 2003). Although both have independent roles in 

determining other cell types (Niwa et al., 2000), at least 

part of their function in pluripotent cells is via a synergistic 

interaction between the two to drive transcription of target 

genes. Currently known targets of Sox2-Oct4 synergy are 

Fgf4, Utf1, and Fbx15, as well as Sox2 and Pou5f1 (the 

gene encoding Oct4) themselves (Yuan et al., 1995, 

Nishimoto et al., 1999, Tokuzawa et al., 2003, Tomioka et 

al., 2002, Chew et al., 2005, Okumura et al., 2005). Each of 

these target genes has a composite element containing an 

octamer and a sox binding site. Sox2-Oct4 complex and 

their target gene expression suggest that this complex is at 

the top of the pluripotent cell genetic regulatory network. 

Another down and up stream of core transcription 

factors also important for maintaining pluripotency. for 

example, several pluripotency TFs including Rex-1, Stella, 

Klf4 and Tbx3 are expressed in ES cells (Osorno and 

Chambers, 2011, Niwa et al., 2009). Like ES cells, TFs 

expressed in the Nanog positive epiblast cells of the ICM, 

such as Esrrb, Klf4, Klf5, Rex1 and Tbx3 are detectable in 
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vivo. But, These genes are undetectable in the E7.5 epiblast 

which have primed pluripotency (Ema et al., 2008, Chapman 

et al., 1996, Pelton et al., 2002, Luo et al., 1997). New 

studies have identified two basic helix-loop-helix TFs that 

operate at this juncture. Tcf15 becomes expressed in the 

epiblast just before implantation and represses Nanog 

(Davies et al., 2013). Forced expression of the direct Nanog 

target gene Esrrb, in Nanog/ pre-iPS cells triggers complete 

reprogramming when combined with 5’Azacytidine treatment 

(Festuccia et al., 2012). Furthermore, Nanog interacts with 

Tet1 and induces Tet2 expression (Festuccia et al., 2012, 

Costa et al., 2013). Similarly to Esrrb, Klf4 and Klf5, 

Prdm14 is also a transcriptional target of Nanog. In this 

regard, Nanog, Oct4 and Sox2 are expressed in EpiSCs and 

their promoters are unmethylated, while the pre-implantation 

markers Rex-1, Stella and Fbxo15 have methylated 

promoters in a fraction of the EpiSC population (Osrono et 

al., 2012, Hayashi et al., 2009, Han et al., 2010). Tpt1, a 

cancer-associated factor, is candidate of Nanog and PouV 

regulator. Depletion of tpt1 transcripts in oocytes reduces 

oct4 and nanog transcription. An elevation of tpt1 transcripts 

in oocytes results in an earlier activation of oct4 

transcription (Magdalena et al., 2007). BAF chromatin 

remodeling complexes containing the BRG1 protein have 

been shown to be not only essential for early embryonic 

development. Our results show that BRG1 maintains the 

pluripotency of mES cells by acting both as an activator and 
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a repressor of the expression of Oct4 and other pluripotency 

associated genes, thus regulating the levels of these key 

pluripotency genes (Singhal et al., 2014). T-cell factor-3 

(Tcf3), co-occupies promoters throughout the genome in 

association with the pluripotency regulators Oct4 and Nanog. 

Thus, Tcf3 is an integral component of the core regulatory 

circuitry of ES cells, which includes an autoregulatory loop 

involving the pluripotency regulators. Both Tcf3 depletion 

and Wnt pathway activation cause increased expression of 

Oct4, Nanog, and other pluripotency factors and produce ES 

cells that are refractory to differentiation (Cole et al., 2008).

Also core pluripotency related transcription factor like 

POUV, Sox2 and Nanog participate the ZGA network. Before 

the onset of ZGA, zebrafish Pou5f1 occupies Pou-Sox 

element (Leichsenring et al., 2013). Even more, there are 

direct link between ZGA and pluripotency. Ribosome profiling 

revealed that nanog, sox19b and pou5f1 are the most highly 

translated transcription factors pre-ZGA. Nanog, Pou5f1 and 

SoxB1 regulate zygotic gene activation in zebrafish. Thus, 

maternal Nanog, Pou5f1 and SoxB1 are required to initiate 

the ZGA (Lee et al., 2013).
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4. Recent studies on pluripotency in avian embryos

 4.1. Chicken embryonic stem cells  

Embryonic stem cell culture in chicken slightly later 

than those of mouse. At the point where the manipulation of 

the mouse embryonic stem cell technology has matured, a 

few groups started to establish pluripotent embryonic stem 

cells from the early avian blastoderm (Pain et al., 1996) or 

embryonic germ cells from primordial germ cells (Park et 

al., 2000). To research about avian pluripotent stem cell, 

scientists chose chicken for model of aves. 

In 1996, chicken embryonic stem cells (cESC) were 

successfully maintained in vitro from stage X unincubated 

blastoderm on inactivated STO feeder cells in the presence 

of growth factors and cytokines including bFGF, IGF-1, 

mSCF, IL-6, IL-11, CNTF, SM and LIF (Pain et al., 1996). 

Stage X blastoderms are chosen for the reason that it is the 

earliest and the easiest stage to get without sacrificing hens. 

Also, the successfully produced somatic and germ line 

chimeras using the cells of area pellucida in stage X 

blastoderm facilitate derivation of cESC from this stage 

(Petitte et al., 1990). 

These long-term LIF dependent cells exhibit 

properties similar to mouse ESCs. cESCs have endogenous 
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alkaline phosphatase activity and telomerase activity by 

TRAP assay. In contrast to mESCs and hESCs, cESCs have 

reactivity in both of SSEA-3 (stage specific embryonic 

antigen-3) and SSEA-4 raised against mouse EC cells. Like 

mESCs, cESCs can form embryoid body-like structures and 

differentiate in vitro into cells from three germ layer 

lineages.

Unlike mESCs, cESCs can contribute only to somatic 

cell lineages but not the germline cell lineages (Pain et al., 

1996, Van de Lavoir et al., 2006). Therefore cESCs are 

more similar to mEpiSCs than to mESCs (Brons et al., 2007, 

Lavial and Pain, 2010). In this aspects, blastoderms in stage 

X is more differentiated than mouse ICM where mESCs are 

derived. Whether cESCs are similar to mEpiSCs or not, 

cESCs has been reported to express chick homologues of 

Oct3/4 (cPOUV) and cNanog which are core transcription 

factor in pluripotent cells (Lavial et al., 2007). 

 

4.2. POUV

Oct4 contains a POU-specific domain and a POU 

homeodomain and belongs to POU domain class 5 

transcription factor 1. The existence and functional similarity 

of homologues of Oct3/4 in non-mammalian vertebrates still 

need to be elucidated. 
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In 2001, chicken genome based technique had been 

applied to analyze for find out Oct3/4 which has highly 

conserved sequence in POU family. With primers and probes 

from mouse Oct3/4 gene, PCR and Southern hybridization 

analysis indicated that no homologue of Oct3/4 sequence is 

present in the chicken genome (Soodeen et al., 2001). But 

in 2007, homologues of mammalian Oct3/4 in chicken 

genome was successfully isolated and named chicken POUV 

(cPOUV) demonstrated by comparative analysis and 

phylogenetic tree construction (Lavial et al., 2007). In 

cESCs, cPOUV  is exclusively expressed in undifferentiated 

and proliferating state. The expression of cPOUV is rapidly 

downregulated during differentiation induced by retinoic acid 

or formation of chicken embryoid body. In vivo analysis of 

expression pattern from stage X blastoderm, cPOUV highly 

expressed in epiblast including area pellucida and area opaca 

(Shota et al., 2015). Also, cPOUV is weekly expressed in 

newly formed hypoblast  in a salt and pepper manner. At 

stage XIV, the expression is very strong in the region where 

the streak is forming. During gastrulation, cPOUV expression 

is restricted into mesoderm, neural tissue and migrating and 

proliferating germ cells but not into endodermal cell lineages. 

Finally, in accordance with mammal studies (Hans et al., 

1989, Richard et al., 2007), germ line restricted expression 

of cPOUV is demonstrated by co-localization of CVH and 

cPOUV in the developing gonad both of male and female 

(Lavial et al., 2007). It was also confirmed by cDAZL which 
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is specific genes of chicken (Rengaraj et al., 2010) and 

primordial germ cells (Choi et al., 2010).

Chicken POUV shares common feature with mouse 

Oct3/4 in functional aspect. When cPOUV is overexpressed 

in cESC, cESC start to differentiation with expression of 

endoderm marker such as Gata4 and Gata6 and trophetoderm 

marker Cdx2 (Niwa et al., 2000, Shimozaki et al, 2003). 

Inhibition of expression of cPOUV in cESCs using shRNA 

induction system shows arrest of proliferating and induction 

of differentiation as seen in mouse (Hay et al., 2004, Niwa 

et al., 2000). To study functional conservation, mutual 

exchange of cPOUV into mESC with mOct4 deficient. The 

results show that cPOUV partially rescue the phenotype of 

mESC suggesting that cPOUV has functionally resemble to 

mOct4. 

Altogether, chicken PouV is required for maintenance 

and regulation of pluripotency in chicken as not exclusive to 

mammals. But studies on initiation and acquisition of cPOUV 

still need to be elucidated for comparative study to mammal.

 4.3. Nanog

Nanog expression is important for maintenance of 

pluripotency during embryonic development and in vitro 

culture of embryonic stem cells in mammals. In 2006, 
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Chicken Nanog was firstly identified and located on 

chromosome 1. Sequence closely Nanog named Nanog-like 1 

(Nanogl1) is located at 7kb on the same chromosome 

(Canon et al., 2006). Chicken Nanog is expressed in 

embryonic stem cells and in the pre-streak epiblast cells, 

also in the primordial germ cells of chicken (Canon et al., 

2006, Lavial et al., 2007). Activin/TGF-beta signaling 

pathway via Smad2/3 regulate Nanog expression in epiblast 

cells during gastrulation, not in primordial germ cells at same 

stage (Masahiro et al., 2011). In consistent with mouse 

embryos, endoderm markers such as GATA4 and GATA6 

are upregulated when Nanog is down regulated (Frankenberg 

et al., 2011, Lavial et al., 2007).  

Interestingly, the avian has no tryptophan repeat 

region in Nanog C-terminal domain which confer the ability 

to make Nanog dimer for DNA binding (Mullin et al. 2008). 

But, absence of tryptophan repeat region of chicken Nanog 

does not affect the ability of reprogramming activity 

(Theunissen et al., 2011). 

Recently, polyclonal antibodies that specifically 

recognize cNanog and cPOUV proteins were newly raised. 

Immunohistochemistry with these antibodies revealed that 

epiblast and germ cells are stained by cNanog antibody in 

EGK.X blastoderm. In contrast, cPOUV antibody detected 

both of epiblast and hypoblast at same stage (Nakanoh et al., 

2015). Also, High-mobility group (HMG) and POU binding 

site which firm Oct-Sox element in Nanog promoter region 
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is absent in chicken (Fernandez-Tresguerresa et al., 2010). 

These data indicate that the underlying mechanism of 

pluripotency networks are different from mammals, although 

their function in maintenance of pluripotency are conserved.

4.4. Sox2

Sox2 is particularly essential for embryonic and 

neurectoderm development in vertebrate species. Sox2 is 

also expressed in chicken germ cells (Motono et al., 2008). 

In vivo analysis of Sox2 expression, EGK.X blastoderms 

have very low level of expression and Sox2 expression is 

subsequently upregulated during neurectoderm differentiation 

(Rex et al., 1997). Interestingly, Sox2 is strongly expressed 

in cESCs. Differentiation of cESCs induce down-regulation of 

Sox2 (Lavial et al., 2007). Sox2 gene regulation is 

complicated and enhancers of Sox2 are one of most studied 

of pluripotent genes (Uchikawa et al., 2003). Among the 

elements of enhancer, the SSR2 and the N2 is important for 

pluripotent state.  (Iwafuchi-Doi et al. 2011)

In maintenance of pluripotency, Sox2 expression is 

regulated by POUV and Nanog. Also, Sox2 uses 

auto-regulatory feed back loop with POUV. Sox2 and POUV 

regulate target genes related to pluripotency such as Nanog, 

Fgf4, Fbxo15, Utf1 and Sox2 (Yuan et al., 1995, Nishimoto 



30

et al., 1999, Tokuzawa et al., 2003, Tomioka et al., 2002, 

Chew et al., 2005, Okumura et al., 2005). In chicken, only 

Fgf4 and Sox2 have simailar sequence of Oct-Sox element 

to mammals (Fernandez-Tresguerresa et al., 2010). And the 

function of Oct-Sox element in Sox2 promoter has to be 

elucidated. Taken together, these observations indicate that 

SOX2 plays a pivotal role of pluripotency in cES cells.

4.5. ENS-1

During neural induction at the mid-gastrula stage, 

Hensen's node of the embyo instructs ectodermal cells to 

differentiate into nervous lineage. Using early response to 

neural induction (ERNI) gene in chicken as marker of neural 

specification, a group present evidence that neural induction 

begins before gastrulation. Subcellular localization of ERNI 

suggests that ERNI is one of the protein complex which 

move from the cytoplasm to the nucleus (Streit et al., 

2000). After one year, ERNI is specifically expressed in 

undifferentiated pluripotent cells in chicken (Acloque et al., 

2001). The name of ERNI which studied in this group is 

embryonic normal stem cell (ENS). Until now there are 

three different ENS genes, ENS-1, ENS-2 and ENS-3. ENS 

genes decrease during differentiation in culture of cESCs and 

restricted in vivo of early embryo  (Acloque et al., 2001). 

Interestingly, ENS present only in Galliform species.
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 cCP2 is essential for the expression of cENS-1 

(Acloque et al., 2004). The relationship between ENS-1 and 

Sox2 is analyzed in chicken embryo in aspect of neural 

specification. Competitive interactions of ENS-1, BERT and 

Geminin regulate the Sox2 expression (Papanayotou et al., 

2008). Long terminal repeats (LTR) of ENS-1 are source of 

binding sites for several transcription factors which related 

in lineage differentiation. For example, Nanog and Ets bind to 

promoter of ENS-1 and upregulate ENS-1 expression. In 

primitive endoderm, GATA4 substitute Nanog function for 

ENS-1 expression. Taken together, ENS-1 function in 

maintenance of pluripotency and related in lineage separation 

between epiblast and hypoblast (Mey et al., 2012).
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CHAPTER 3 

STUDIES ON CELL SHEDDING DURING 

INTRAUTERINE PERIOD OF CHICK 

EMBRYOS
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1. Introduction

Avian models have value as ex vivo-model systems 

for both developmental and application study, enabling 

monitoring of organogenesis and lineage differentiation. 

Nevertheless, most of studies in chick early blastoderm have 

taken using the embryos after ovipostion because of the 

practical difficulties to harvest the embryos before 

ovipostion. Furthermore, avian embryos undergo discoidal 

meroblastic cleavage within a large amount of yolk which 

hampers monitoring early embryo study. Some of the most 

critical events occur during the first day of chick 

development. In this study, we harvest the blastoderms 

which formed before oviposition using non-surgical 

intrauterine egg collection by abdominal massage 

(Eyal-Giladi and Kochav, 1976). 

Unlike mammals, polyspermic penetration is 

physiologically occurred and supernumerary sperm nuclei are 

existed in the intrauterine blastoderm in aves (Lee et al., 

2015). Also, chicken embryo has fast rates of cell division 

and cell layer increase and reduction with novel phenomenon 

of shedding phenomenon. But detailed observation and 

analysis of cell layer increase, reduction and shedding during 

intrauterine stage of chick blastoderm has been poorly 

reported to date. In this study, we investigate development 

feature of chick blastoderm with non-invasive egg retrieval 

technique.
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2. Materials and methods

Experimental animals

White Leghorn (WL) hens (54-56 weeks old) were 

used for the collection of intrauterine eggs. We managed 

chickens according to our standard operation protocol. 

Relevant experimental procedures for the study were 

approved by the Institutional Animal Care and Use 

Committee, Seoul National University before undertaking 

experiments (SNU-070823-5).

Collection of intrauterine eggs and oocytes from hens

Intrauterine eggs retrieved from WL hens were 

harvested by an abdominal massage technique slightly 

modified from Eyal-Giladi and Kochav (Eyal and Kochav, 

1976). Briefly, the abdomen of hens was pushed gently until 

exposure of the shell gland, and the surface of the shell 

gland expanded when an egg was located there for eggshell 

formation. After expansion of the surface of the shell gland, 

massage was used to move the egg gently toward the cloaca 

until the intrauterine egg was released. To collect oocytes, 

WL hens were sacrificed and the follicles were detached 

from the ovaries.
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Collection of intrauterine chick blastoderm from eggs

Intrauterine embryos were separated from the egg 

using sterilized paper (Chapman et al., 2001) and the shell 

membrane and albumen were detached from the yolk. A 

piece of square-type filter paper (Whatman, Maidstone, 

Kent, UK) with the hole at the center was placed over the 

germinal disc. After cutting around the paper containing the 

intrauterine embryo, it was gently turned over and 

transferred to saline buffer to further remove the yolk and 

the vitelline membrane for embryo collection (Pannett and 

Compton, 1924). Collected embryos were fixed with 4% 

(w/v) paraformaldehyde in 1x phosphate-buffered saline 

(PBS) and the fixed embryos were classified according to 

the cleavage stages proposed by Eyal-Giladi and Kochav 

(Eyal and Kochav, 1976). Unfertilized and abnormal embryos 

were identified by the morphological criteria of blastoderms.

Phalloidin and DAPI staining of intrauterine embryos 

After fixation with 4% paraformaldehyde, the 

intrauterine embryos were washed in PBS three times and 

incubated in 0.1% (v/v) Triton X-100 in PBS (PBST). The 

fixed embryos were incubated with Alexa Fluor 488 

phalloidin (A12379; Invitrogen, Carlsbad, CA, USA) diluted 
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1:40 in PBST overnight at room temperature. After overnight 

incubation, the embryos were washed three times in PBS. 

The stained embryos were observed under a fluorescence 

microscope (Ti-U; Nikon Corporation). In addition, the 

intrauterine embryos were embedded with paraffin and 

sectioned (10μm) using a microtome and after being 

mounted with Prolong Gold antifade reagent with DAPI, the 

embryonic nuclei were evaluated under a fluorescence 

microscope.

TUNEL assay 

Three EGK.VIII blastoderm were dissociated and 

washed with PBS. After three times of washing, blastodermal 

cells were concentrated on glass slides. Cells were dried 

thoroughly at 37℃. Fixation in a 4% paraformaldehyde for 

10min, the cells were incubated in a permeabilization solution 

(0.1% Triton X-100 in PBS). Apoptotic cells were identified 

using an In Situ Cell Death Detection Kit, TMR red (Roche 

Applied Science, Basel, Switzerland) that stains apoptotic 

cells in red. Cells were counterstained with DAPI, mounted 

and analyzed under a fluorescence microscope.
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Ex utero culture of intrauterine embryos

EGK.VI blastoderms are cultured ex ovo for 3h 

(EGK.VII) or 7h (EGK.VIII) with upside down. After 

sampling EGK.VI blastoderms, yolk is transferred to 

specimen cup with thick albumen of EGK.X blastoderms. 

Thick albumen is adjusted into pH 7.5 and incubate at 41.

5℃. Predicted blastoderms of EGK.VII and EGK.VIII stage 

are harvested from yolk. Then, section with microtome and 

imaging with microscopy.



38

3. RESULTS

Harvesting of intrauterine eggs

Oocytes and blastoderms are harvested and classified 

according H. Eyal-Giladi and S. Kochav's criteria. For 

nuclear and F-actin staining of blastoderms, we used DAPI 

and phalloidin conjugated with Alexa Fluor 488 fluorescence 

dye. Oocytes have relatively strong green signals with same 

intensity of intrauterine blastoderms (Figure 1). This is 

because of granulosa cells over the oocyte (Figure 2). For 

detailed investigating of oocytes which matured closely to 

ovulation stage, we collected and analyzed with large yellow 

follicles. Almost all the oocytes have germinal vesicle (GV) 

in the center. But we cannot find the condensed DNA using 

DAPI. DAPI positive signals in oocytes indicate the nucleus 

of granulosa cells which surround the oocyte. Granulosa cells 

have relatively high nucleus/cell dimeter ratio than normal 

cells. And granulosa cells directly cover the GV of the 

oocytes (Figure 2). EGK.I blastoderms show large open cells 

with some cleavage. As the blastoderms undergo 

development, the size of cells are gradually decreased and 

number of cells in uppermost layer are gradually increased. 

Also, the central cells of uppermost layer show relatively 

small size rather than those of outer cells, which indicate 

that the division rate is more faster in the central cells than 
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outer cells (Figure 1). These difference of cell size is 

shown until EGK.X blastoderms.

Cell layer increase, reduction and cell shedding during 

intrauterine blastoderms.

During intrauterine development period, chick 

blastoderms undergo dynamic changes of cell layers. Before 

EGK.II, almost all cells have divided in horizontal direction. 

Actually, this division is different from division of normal 

cells so chick early blastodisc cell division is called as 

cleavage with cleavage furrow. In contrast to mammal in 

which zygote make two relatively same size of daughter 

cells, the early cleavage of chick blastoderms occur at 

excentric position by nucleus with U/V-shaped and 

pendulum-shaped furrows (Figure 3A, black and red arrows, 

respectively). cleavage furrows penetrate into the cytoplasm 

of disc but cytoplasm is still continuous. 

Cell layer increase is started from late EGK.II with 

some places called subgerminal cavity. subgerminal cavity 

expand horizontally under the central cells of blastodisc 

(Figure 3B). In this stage cell division is occurred both of 

horizontal and vertical direction. Vertically divided nucleus 

indicate that cell layer increase is started from this stage. 

Cell layer increase is continued until EGK.VI in which 
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maximum cell layers (about five or six layers) are formed. 

The cell layer increase proceeded with helping of cells of all 

layer. We investigate division of cells in all layer and find no 

specific rule of direction in cell division. And all the cells of 

upper, middle and lower layer are involved to increase the 

cell layers of chick blastoderm (Figure 3C). 

After EGK.VI, layer decrease is started until EGK.X. 

During this period, total cell number of blastoderm is 

gradually increased except from EGK.IX to X. But, except 

the upper most layer, cell number of all layers are 

dramatically reduced (Kochav et al., 1980). So the cell layer 

decrease is reasoned by cell shedding. Shedding cells have 

large cytoplasm and nucleus than cells of upper layer which 

seem to remain until EGK.X (Figure 3D, white arrow). After 

completion of area pellucida formation, almost all cells in 

upper most cell layer (epiblast) have similar size in nucleus 

and cytoplasm. And newly formed cell layer under epiblast 

(hypoblast) is seen (Figure 3E, blue and red arrows, 

respectively). In figure 3E, white arrow indicates that 

shedded cell during area pellucida formation which still has 

nucleus. And yellow arrow indicates fusion cell with white 

yolk under subgerminal cavity (Figure 3E).
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Characterization of shedding cells

Firstly, to answer the mechanism of cell shedding, we 

hypothesized that gravity is one of reason for shedding. 

Indeed, shedded cells are relatively larger than remained 

cells. So we collected EGK.VI blastoderm according to time 

after oviposition. After collecting, we incubate at specific 

condition which similar to uterus of hens for 3h (EGK.VII) 

and 7h (EGK.VIII). And we reversely put the blastoderm by 

yellow yolk (Figure 4A). After 3hrs and 7hrs of incubation, 

blastoderms have some shedding cells in lowermost cell 

layer. This indicate that gravity has no impact on the 

shedding phenomenon of chick blastoderm.

Next, because only small population in all shedding 

cells show DAPI positive signals (Figure 3D), we 

hypothesized that dead cells which have no functions in 

further development will shedded out from blastoderm before 

formation of hypoblast. We conduct TUNEL assay with 

EGK.VIII blastoderms to detect programmed cell death 

(apopotosis). In accordance with cell size, we can distinguish 

between remained cells and shedding cells. But no TMR red 

positive signal is detected in both cells of EGK.VIII 

blastoderm (Figure 5). Together, the results indicate that 

gravity and apoptosis have no impact on cell shedding 

mechanism during area pellucida formation period.  
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Figure 1. Phalloidin staining of intrauterine stage of chick blastoderms. Oocytes and blastoderms 

are harvested and classified according H. Eyal-Giladi and S. Kochav's criteria. Large yellow 

follicles are used for collecting the oocytes. Fluorescently labeled phalloidin is used for detection 

of F-actin in each blastoderm. Additional small panel of EGK.VIII and EGK.X are for large scale 

of blastoderm.
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Figure 2. The structure of oocyte in chicken ovarian follicle. 

Oocyte collected from large and yellow follicles is sectioned 

to study for structure. GV is located in the center of oocyte. 

DAPI positive signal indicate the nucleus of granulosa cells 

which surround the oocyte. Phalloidin staining shows cell 

membrane of granulosa cells.  Granulosa cells have high 

nucleus/cell dimeter ratio than normal cells. GV; germinal 

vesicle, Scale bar : 100um
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Figure 3. Cell layer increase and reduction of chick early blastoderms. (A) Paraffin embedded 

EGK.I blastoderm is sectioned and stained with DAPI for nulcear. Cleavage furrows are seen at 

excentric position by nucleus. U/V-shaped cleavage furrows are indicated by black arrows and 

pendulum-shaped furrows is indicated by red arrow. Scale bar, 100μm. (B) Section of EGK.II 

blastoderm and direction of cell division. Subgerminal cavity is gradually formed between cells and 
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yolk. White arrows indicate that cell division is occurred both of horizontal and vertical direction. 

Scale bar, 100μm (C) EGK.VI blastoderm is sectioned in central region of blastoderm. The fully 

closed cells have nucleus which relatively located in the center of them. At its center the five or 

six cell layers are formed. All the upper most (a), middle (b) and lower layer (c) cells are 

involved to make layer increase in this stage with horizontal and vertical direction. Scale bar, 100

μm. (D) Cell shedding of EGK.VIII blastoderm. White arrows indicate that shedding cells which 

have large cytoplasm and nucleus than cells of upper layer. Scale bar, 100μm. (E) EGK.X 

blastoderm has epiblast (blue arrow) and hypoblast (red arrow). White arrow indicates that 

shedded cell during area pellucida formation. Yellow arrow indicates fusion cell with white yolk of 

blastoderm. Scale bar,100μm.
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Figure 4. TUNEL assay of EGK.VIII blastodermal cells. 

EGK.VIII blastoderms are dissociated and analyzed by 

TUNEL assay. Shedding cells are relatively larger in nucleus 

and cytoplasm than non-shedding cells. DAPI staining for 

identifying nucleus and DNase I for DNA breaking. Shedding 

and non-shedding cells show TMR red negative. Positive 

control has TMR red positive but not in negative.   
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Figure 5. Effect of gravity on shedding. (A) Scheme of 

experiment of ex utero culture during cell shedding period. 

(B) EGK.VI blastoderm has multi-cell layers. After 3h and 

7h incubation, shedded cell are identified with large yolk 

containg cells.
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4. Discussion

Mammals of vertebrates are isolecithal egg. Their egg 

yolk is evenly distributed. Minimized hampering of yolk, 

mammalian eggs undergo equal and rotationally holoblastic 

cleavage. The division of the cells before gastrulation are 

slower than aves. It takes 12~24h per one cell division and 

zygotic genome activation is occurred earlier than aves.

 Chick oocyte is fertilized in the infundibulum after 

30 minute of ovulation. Chick ovum is telolecithal egg and 

have large amount of yolk. The blastodisc is located on 

animal pole. Because of large yolk, they undergo meroblastic 

cleavage especially discoidal cleavage only in animal pole. 

From fertilization to egg-laying takes around 25h. It means 

that the cell division before gastrulation takes 25h to reach 

50,000~60,000 cells (Figure 1). Chick embryo shows quite 

different developmental feature such as meroblastoic 

cleavage, cellularization, zygotic genome activation, layer 

increase and reduction (Sheng, 2014). In Xenopus, like 

chicken, their yolk is biased in the eggs same as aves 

(telolecithal egg). But, they have little amount of yolk so 

undergo holoblastic cleavage. Also, It needs only 43h to 

reach 37,000 cells.

Before the ovulation, chicken oocyte consist of 

cytoplasm, GV and granulosa cells. When we stained oocyte 

with phallidin conjugated with Alexa Fluor 488 fluorescence 
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dye, we can detect granulosa cells on the oocyte (Figure 2). 

Chicken GV is opened and granulosa cells directly cover the 

GV. Granulosa cells have relatively high nucleus/cell dimeter 

ratio than normal cells. Also, granulosa cells show highly 

ordered configuration (Figure 2). 

Early cleavage of EGK.I is occurred asymmetric 

manners in location by nuclei and dorsal view (Figure 3A). 

From EGK.II, blastodermal cells are divided in vertical and 

horizontal direction by which cell layer is increased during 

EGK.VI (Figure 3B). EGK.VI blastoderm which is the last 

stage of cleavage period has 6~7 cell layers. To figure out 

the contribution of cell division to cell layer increase, we 

searched the direction of cell division in several cell layers. 

All the upper, middle and lower layer cells are divided both 

of horizontal and vertical manner (Figure 3C). 

Chicken blastoderms undergo the area pellucida 

formation events in which cell shedding is occurred (Figure 

3D). Cell shedding is a novel phenomenon of chicken early 

development. It is important because direction of cell 

shedding is related in axis formation of blastoderm. Before 

the shedding of cells, the polarity of the head-to-tail axis in 

the chick embryo is determined by the force of gravity 

(Kochav & Eyal-Giladi, 1971). After determining the axis, 

the cell shedding is occurred from future posterior to future 

anterior direction. The biological meaning and mechanism of 

cell shedding is still remained to be elucidated. 
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Firstly, we hypothesized that shedded cells have no 

contribution to develop the embryos. But, TUNEL assay 

indicated that the cause of shedding is not related in 

apoptosis (Figure 4). 

second, we hypothesize that the gravity is involved in 

shedding mechanism. To analyze this hypothesis, we cultured 

EGK.VI blastoderms which has six to seven cell layers until 

the times of EGK.VII to EGK.VIII (Figure 5A). We could find 

some cells which shedded out from ventral side of 

blastoderm (Figure 5B). These results demonstrate that the 

gravity has minor impact on shedding mechanism. And it 

seems that the cell shedding is conative phenomenon.

Indeed, The process of cell shedding during the 

formation of the area pellucida is investigated by SEM 

analysis. In this study, the mechanism of cell shedding 

seems to be conative movement (Fabian and Eyal-Giladi, 

1981). We can observe some shedding cells have nucleus on 

the white yolk layer (Figure 3E, white arrow). But, most 

cells have gradually lose their nulceus during shedding 

(Figure 3D, 3E). We can also observe some cells which are 

buried after shedding (Figure 3E, yellow arrow). 

 These cells differ from the cells in yolk syncytial 

layer. In the future, the fate of shedding cells have to be 

analysed and the novel shedding mechanism of chick will 

valuable information for evo-devo.  
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CHAPTER 4 

Acquisition of Pluripotency in Early 

Developmental Stage of Chick Blastoderm
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1. Introduction

Pluripotency refers a stem cell that can differentiate 

into any of the three germ layers; endoderm (gastrointestianl 

tract and lung), mesoderm (muscle, blood and bone) and 

ectoderm (nervous system and epidermal tissues). In mouse, 

Pluripotency emerges in the mammalian epiblast during 

preimplantation blastocyst development. At the morula stage, 

the embryo undergoes compaction. Outer cells of morula are 

differentiated into the trophectoderm lineage. Inner cells 

become the inner cell mass (ICM) and subsequently 

differentiated into pluripotent epiblast and extraembryonic 

primitive endoderm (PrE). In mouse, preimplantation epiblast 

state can be maintained in vitro as embryonic stem cells 

(ESCs) (Evans and Kaufman, 1981; Martin, 1981) and 

proliferated indefinitely in defined media (Buehr et al., 2008; 

Li et al., 2008; Ying et al., 2008). The ability to generate all 

somatic tissues and the germline is termed “naive” 

pluripotency. This unrestricted state of pluripotency differs 

from other pluripotent states in gene expression, signaling 

and epigenetic state. (Brons et al., 2007; Leitch et al., 2013; 

Marks et al., 2012; Nichols and Smith, 2009; Tesar et al., 

2007). Human embryonic stem cells (hESCs) were cultured 

in late 1990s from human blastocyst (Thomson et al., 1998). 

In avian species, Spratt and Haas group demonstrated 

pluripotent nature of the blastodermal cells. By dividing a 
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blastoderm in four equal parts, each of them could develop a 

normal embryo (Spratt and Haas, 1961). Furthermore, 

blastodermal cells could be injected and participated into a 

developing recipient embryo, properly (Marzullo, 1970). 

After about two decades, Some group tried obtaining 

chimeras by dissociating the blastodermal cells. This group 

could obtain live chimeras from EGK.X blastodermal cells 

both somatic and germline chimeras (Carsience et al., 1993). 

Finally chicken embryonic stem cells (cESCs) have been 

isolated from the in vitro culture of early chicken 

blastodermal cells (cBCs) taken from stage X embryo 

(EG&K) (Pain et al., 1996). 

Embryonic pluripotency in the mouse is established 

and maintained by a gene-regulatory network under the 

control of a core set of transcription factors that include 

octamer-binding protein 4 (Oct4; official name POU domain, 

class 5, transcription factor 1, Pou5f1), sex-determining 

region Y (SRY)-box containing gene 2 (Sox2), and 

homeobox protein Nanog. Despite pluripotency network is 

conserved in mammals, little information is available and 

studied regarding its evolutionary conservation in other 

vertebrates.

In avian species, almost all studied have conducted 

with blastoderms after oviposition and there are no reports 

of acquisition and establishment of pluripotency during 

intrauterine stage. Thus, to compare and analyze the 
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acquisition of pluripotency between mammals and aves, we 

select chicken as a model of aves. And we investigated 

expression profiles of pluripotency related genes. 
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2. Materials and Methods

Alignment of protein sequence

POUV amino acid sequence of various species 

(human, pig, bovine, mouse, chicken and zebrafish) were 

aligned by Geneious version 6.0 (Geneious version 6.0 

created by Biomatters. Available from 

http://www.geneious.com). The sequence information of each 

species were derived from GenBank of the National Center 

for Biotechnology Information (Table 1). All the protein 

sequences were alined by Blosum62 matrix, 12 of gap open 

penalty and 3 of gap extension penalty. 

Nanog amino acid sequences of various species 

(human, chimpanzee, monkey, pig, bovine, elephant, mouse, 

chicken, duck and zebrafish) were aligned by same methods 

of POUV. The protein sequences were derived from 

GenBank of the NCBI (Table 1). Protein sequence similarity 

of POUV and Nanog were analyzed by matrix of percentage 

identity (percentage of residues which are identical) with 

heatmap and numbers.
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Protein domain analysis

Nanog homeodomain of mouse and chicken were 

analyzed using PHYRE2 (Protein Homology/analogY 

Recognition Engine V 2.0) with normal modelling method, 

finding homologues with PSI-Blast and building hidden 

Markov model of sequence. And secondary stuructures and 

DNA binding amino acids are predicted. In case of mouse, 

mouse Nanog homeodomain structure likes solution structure 

of human stem cell transcription factor nanog2 homeodomain 

fragment with 99.9% confidence by the single highest 

scoring template. Chicken Nanog homeodomain is similar to 

solution structure of the homeobox domain of homeobox2 

protein barh like 1 with 99.8% confidence by the single 

highest scoring template.  

Experimental animals

White Leghorn (WL) hens (54-56 weeks old) were 

used for the collection of intrauterine eggs. We managed 

chickens according to our standard operation protocol. 

Relevant experimental procedures for the study were 

approved by the Institutional Animal Care and Use 

Committee, Seoul National University before undertaking 

experiments (SNU-070823-5).
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Collection of intrauterine eggs and oocytes from hens

Intrauterine eggs retrieved from WL hens were 

harvested by an abdominal massage technique slightly 

modified from Eyal-Giladi and Kochav (Eyal and Kochav, 

1976). Briefly, the abdomen of hens was pushed gently until 

exposure of the shell gland, and the surface of the shell 

gland expanded when an egg was located there for eggshell 

formation. After expansion of the surface of the shell gland, 

massage was used to move the egg gently toward the cloaca 

until the intrauterine egg was released. To collect oocytes, 

WL hens were sacrificed and the follicles were detached 

from the ovaries.

Collection of intrauterine chick blastoderm from eggs

Intrauterine embryos were separated from the egg 

using sterilized paper (Chapman et al., 2001) and the shell 

membrane and albumen were detached from the yolk. A 

piece of square-type filter paper (Whatman, Maidstone, 

Kent, UK) with the hole at the center was placed over the 

germinal disc. After cutting around the paper containing the 

intrauterine embryo, it was gently turned over and 

transferred to saline buffer to further remove the yolk and 

the vitelline membrane for embryo collection (Pannett and 
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Compton, 1924). Collected embryos were fixed with 4% 

(w/v) paraformaldehyde in 1x phosphate-buffered saline 

(PBS) and the fixed embryos were classified according to 

the cleavage stages proposed by Eyal-Giladi and Kochav 

(Eyal and Kochav, 1976). Unfertilized and abnormal embryos 

were identified by the morphological criteria of blastoderms.

RT-PCR 

Three to four blastoderms were collected each stage 

of blstoderms. Total RNA was extracted using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer's protocol. About 1μg of total RNA was 

reverse-transcribed with the Superscript III First-strand 

Synthesis System (Invitrogen) according to the 

manufacturer's protocol. The PCR reaction mixture contained 

2μl of PCR buffer, 0.5μl of 10mM dNTP mixture, 10pmoles 

each of forward and reverse primers (Table 2 and Table 4), 

1μl of cDNA and 1U of Taq DNA polymerase in a 20μl 

final volume. PCR was performed with initial incubation at 9

5℃ for 10min, followed by 30 cycles at 95℃ for 30sec, 6

0℃ for 30sec and 72℃ for 30sec. PCR was terminated by a 

final incubation at 72℃ for 5min.
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Quantitative real-time PCR

To examine the expression pattern of cPOUV, 

cNANOG, cSOX2 and ENS-1 during intrauterine stage of 

chick, qRT-PCR was performed in an CFX96 Real-Time 

PCR Detection System (Bio-Rad Laboratories). The PCR 

reaction mixture contained 2μl of PCR buffer, 0.5μl of 

10mM dNTP mixture, 10pmoles each of forward and reverse 

primers (Table 3), 1μl of cDNA, 1μl of EvaGreen (Biotium 

Inc., Hayward, CA, USA) and 1U of Taq DNA polymerase in 

a 20μl final volume. PCR was performed with initial 

incubation at 95℃ for 10min, followed by 40 cycles at 95℃ 

for 30sec, 60℃ for 30sec and 72℃ for 30sec. PCR was 

terminated by a final incubation at the dissociation 

temperature. Gene expression levels were measured using 

Quantification of relative gene expression was calculated 

using the following formula: 2-ΔΔCt, where ΔΔCt = (Ct of 

the target gene - Ct of GAPDH)stage -(Ct of the target 

gene - Ct of GAPDH)control.

 

Wholemount in situ hybridization

          To make hybridization probes, total RNA from each 

stage of blastoderms was reverse transcribed, and the cDNA 

was amplified using primers (Table 2). The PCR products of 
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the correct size were cloned into pGEM-T (Promega). After 

sequence verification, the recombinant plasmids containing 

the gene was amplified with T7- and SP6-specific primers 

(T7: 5’-TGTAATACGACTCACTATAGGG-3’ and SP6: 

5’-CTATTTAGGTGACACTATAGAAT-3’) to prepare the 

template for labeling of the hybridization probes.Digoxigenin 

(DIG)-labeled sense and antisense hybridization probe of 

each genes were transcribed in vitro using a DIG RNA 

labeling kit (Roche Diagnostics, Indianapolis, IN, USA). For 

wholemount in situ hybridization, the standard published 

protocol in chicken was followed (Stern, 1998). In addition, 

the intrauterine embryos were embedded with paraffin and 

sectioned (10μm) using a microtome and after being 

mounted with Prolong Gold antifade reagent with DAPI, the 

embryonic nuclei were evaluated under a fluorescence 

microscope.
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3. Results

cPOU specific domain and homeodomain are highly conserved 

during evolution.

To identify the evolutional conservation of cPOUV 

considered as core transcription factor of pluripotency 

regulatory network, we selected human, pig, bovine and 

mouse for mammals. And zebrafish is selected for species 

has more distance homologue in evolution. Human, pig, 

bovine, mouse, chicken and zebrafish amino acid sequences 

are retrived from NCBI (Table 1). The sequences are 

aligned using Geneous program. All the POUV protein have 

POUV domain consisted of POU specific domain and POU 

homeodomain between N-terminal and C-terminal domain 

(Figure 1A). By comparing with human, pig, bovine and 

mouse which belong to mammal show 93.1%, 90.8% and 

84.2% amino acid similarity in POUV, respectively. But, in 

case of chicken which belong to aves show 39.5% similarity. 

In zebrafish which belong to teleostei show 34.6% similarity 

similar to chicken (Figure 1B). Next, to identify the 

conservation of POU specific domain and homeodomain, we 

aligned all the POU specific domain and homeodomain 

sequences of the species which selected for this study. 

According to whole amino acid sequence of POUV, POU 

specific domain and homeodomain show similar pattern of 
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amino acid similarity. But, between human and chicken, there 

are 73.3% POU specific domain and 61.0% POU 

homeodomain similarity, respectively. Zebrafish has also 

similar similarity against human like chicken (Figure 1C and 

1D). In sum these results demonstrate that evolution of 

POUV gene undergo similar way to segregation of species 

and POU specific domain and POU homeodomain are highly 

conserved during evolution. 

cNanog homeodomain is highly conserved during evolution 

but not in C-terminal domain.

To identify the conservation of cNanog during 

evolution, we selected human, chimpanzee, monkey, pig, 

bovine, elephant, mouse, chicken, duck and zebrafish. human, 

chimpanzee, monkey, pig, bovine, elephant and mouse are 

selected for mammals. And duck is selected for aves like 

chicken. Zebrafish is selected for species has far distance in 

evolution. All the protein sequences are retrived from NCBI 

(Table 1.) The sequences are aligned by Geneous program. 

All the Nanog protein have Nanog homeodomain between 

N-terminal and C-terminal domain. But mammals exclusively 

have prominent feature of the C-terminal domain in which 

10 pentapeptide repeats starting with a tryptophan (Figure 

2A). By comparing with human, anthropoid such as 

chimpanzee (98.4%) and monkey (94.4%) have high 
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similarity in whole protein sequence. And other mammals 

also show high similarity but less than anthropoid in pig 

(73.3%), bovine (69.4%), elephant (59.2%) and mouse 

(55.9%) order. In case of aves such as chicken and duck 

show low similarity ,27.4% and 26.3% respectively, against 

human Nanog protein sequence. Zebrafish (20.5%) has the 

lowest similarity among the species which we used in this 

study (Figure 2B). Next, to identify the conservation of 

Nanog homeodomain, we aligned all the Nanog homeodomain 

sequences of the species which selected for this study. 

According to whole amino acid sequence of Nanog, Nanog 

homeodomain show similar pattern of amino acid similarity 

except elephant and mouse. But, between human and aves, 

there are 65% chicken and 61.7% duck similarity in Nanog 

homeodomain, respectively. Zebrafish has also similar 

similarity against human like aves (Figure 2C). These results 

indicate that evolution of Nanog gene undergo similar way to 

segregation of species and Nanog homeodomain is highly 

conserved during evolution. According to conservation of 

Nanog homeodomain, we can assume that there are some 

functional similarity in Nanog among the species. 

Chicken and mouse have similar secondary structure and 

DNA binding sites in Nanog homeodomain.

To estimate whether mammal and aves have 
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functional conservation in Nanog, we compare the secondary 

structure and DNA binding sites using mouse and chicken 

Nanog homeodomain. Phyre2 web program is used for 

expectation of secondary structure and DNA binding sites. 

As results, mouse and chicken Nanog homeodomain (96-156 

amino acid) is consisted of three alpha helix structures with 

two gaps (Figure 3). And there are 16 amino acids which 

are participated in DNA binding and 1 amino acid which has 

specific DNA base contacts, red and blue dots, respectively. 

But in case of chicken, there is one additional amino acid 

between first and second alpha helix (Figure 3).  Taken 

together, these data suggest that mouse and chicken Nanog 

homeodomain are highly conserved not only secondary 

structure but also specific DNA binding sites. 

Expression dynamics of pluripotency related gene during 

intrauterine development in chick blastoderms

To investigate the acquisition of pluripotency in chick 

early blastoderms, we conducted RT-PCR with each 

blastoderms of intrauterine stage (Figure 4A). We selected 

core transcription factor of pluripotency network as cPOUV, 

cNANOG and cSOX2, also included ENS-1 for novel chicken 

embryonic stem cell marker. Chicken POUV (cPOUV) is 

weakly expressed from EGK.V and strongly expressed from 

EGK.VIII. Chicken NANOG (cNANOG) is expressed in all 
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stages of intrauterine periods. Interestingly, we couldn’t 

detect cSOX2 expression in these periods even in EGK.X 

from which cESCs are derived. ENS-1 is strongly expressed 

from EGK.V similar stage of cPOUV (Figure 4A).

To check expression dynamics of pluripotency related 

genes, we conducted qRT-PCR with cPOUV, cNANOG and 

ENS-1. We couln’t find any expression in cSOX2. cPOUV 

is strongly expressed from EGK.VIII (Figure 4B). cNANOG 

is weakly expressed from oocyte to EGK.IV and start to 

express stronly from EGK.VIII (Figure 4C). ENS-1 is 

strongly expressed from EGK.VIII (Figure 4D). As 

expectation, EGK.X stage blastoderms have all pluripotency 

markers except cSOX2. But these genes also start to 

express between EGK.V and VI. Together, in contrast to 

mammals, cNANOG is maternally inherited but not in cPOUV 

and cSOX2. And from EGK.V to VI, core transcription 

factors of pluripotency exist until EGK.X in which 

pluripotency is fully established.

Localization of cPOUV and cNANOG transcripts during 

intrauterine development in chick blastoderms

To identify the exact local of pluripotency 

transcription factors, we performed in situ hybridization with 

cPOUV and cNANOG probes (Figure 5 and 7). cPOUV 
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positive signals are strongly detected from EGK.VII (Figure 

5G and 5G') from which area pellucida formation is occurred. 

Interestingly, cPOUV is exclusively expessed in upper and 

remained cells and no cPOUV trancripts is detected in 

shedding cells (Figure 5G', 5H' and 5I'). Around finishing the 

formation of area pellucida, almost all cells express cPOUV 

transcripts in EGK.IX blastoderm (Figure 5I'). When embryo 

reach EGK.X where hypoblast exists, some hypoblast cells 

express cPOUV as salt and pepper manner (Figure 5J').

cNANOG expression pattern is quite similar to that of 

cPOUV, but cNANOG expression is detected from EGK.IV 

(Figure 7D and 7D'). cNANOG expression start as salt and 

pepper manner in EGK.IV and is uniformly distributed during 

area pellucida formation. Interestingly, cNANOG is also 

exclusively expessed in upper and remained cells and no 

cPOUV trancripts is detected in shedding cells (Figure 7G', 

7H' and 7I'). When the blastoderm reach in EGK.X, there is 

relatively small population of cells to express cNANOG in 

hypoblast. There are some discrepancy between RT-PCR 

and in situ data in EGK.I, II and III (Figure 4A, 7A, 7B and 

7C). We couldn't detect any signals in these stages because 

of low levels of expression. In case of EGK.II (Figure 7C) 

there is some background in wholemount in situ, but when 

we sectioned the blastoderm we couldn't find cNANOG 

expression (Figure 7C'). 
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Exclusive expression of pluripotent genes and cell shedding

During area pellucida formation stage, cPOUV show 

exclusive expression. So we mounted DAPI on sections of in 

situ hybridization of EGK.VIII (Figure 5C and 5D). In 

EGK.VIII, there is expression in area pellucida but not in 

area opaca. And in area pellucida, shedding cells which are 

relatively large in necleus and cytoplasm have no cPOUV 

expression (Figure 6C). Shedding cells have no cPOUV 

expression (white arrow). The cells attached to upper layer 

cells and will be shedded in area pellucida also have no 

cPOUV trasncripts (black arrow).  

cNANOG is also exclusively expressed during area 

pellucida formation stage. And cNANOG is expressed earlier 

than cPOUV. To trace the shedding cells by pluripotency 

marker, cNANOG, we sectioned EGK.VII and EGK.VIII 

blastoderms after in situ hybridization (Figure 8A and 8B). 

Large and yolky cells are embedded in EGK.VII and have 

nucleus. We assume that the relatively large cells will be 

shedded during area pellucida formation stage. That is the 

reason of salt and pepper expression of cNANOG in cleavage 

stage (Figure 8).
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Expression of genes related in pluripotency

RT-PCR was conducted to investigate other 

pluripotent genes which related in pluripotency network with 

EGK.III, VI and VIII blastoderms. Chicken homology of 

mouse ICM marker (Tbx3, Dax1, Nr5a2, Prdm14, Esrrb, 

Klf2, Klf4 and Klf5), epiblast marker (Otx2 and Dnmt3b), 

Nanog regulator (Esrrb, Klf4, Zic3, Tbx3, Tcf3 and Tpt1), 

interactors of Nanog (Sall4, Dax1 and Tet2) and Oct4 

regulator (Brg1) are used for RT-PCR.

Except Esrrb, Dax1 and Klf4, many of ICM marker 

are expressed in EGK.VI and X. But only Nanog and Klf2 

are expressed in EGK.III. In contrast with mouse, Dnmt3b is 

expressed from EGK.III, quite earlier than mouse. In aspect 

of Nanog activator, Esrrb and Klf4 seem to be have no 

effect on Nanog expression. Because of absence of Esrrb 

and Klf4 transcript. Zic3 and Tcf3 are good candidates of 

Nanog upstream activator and repressor, respectively. 

Interestingly, Tbx3 is expressed from EGK.VI, not from 

similar stage of Nanog expression, then Tbx3 may do not 

function as the initiator of Nanog transcription. Tpt1 is also 

strong candidate of Nanog activator. Methylation of early 

embryonic development seems to different what occurs in 

mouse because of relatively early expression of Dnmt3a and 

Dnmt3b. Future study have to focus on their interaction in 

protein level to describe detailed pluripotency network.
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(A)

(B)

(C)

(D)

Figure 1. Sequence analysis of POUV protein. (A) Alignment 
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of Oct4 (POUV) protein sequence with human, pig, bovine, 

mouse, chicken and zebrafish using BLOSUM62 matrix 

scoring. The two red bars under the aligned sequence 

between the N-terminal domain and C-terminal domain of 

POUV indicate POU specific domain and POU homeodomain, 

respectively. (B) Sequence similarity of full length of POUV 

protein among species. The matix shows percentage of 

residues which are identical with heatmap and numbers. (C) 

Sequence similarity of POU specific domain of POUV protein 

among species. (D) Sequence similarity of POU 

homeodomain of POUV protein among species.
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(A)

(B)

(C)

Figure 2. Sequence analysis of Nanog protein. (A) Alignment 

of Nanog protein sequence with human, chimpanzee, monkey, 

pig, bovine, elephant, mouse, chicken, duck and zebrafish 

using BLOSUM62 matrix scoring. The red bar under the 

aligned sequence between the N-terminal domain and 

C-terminal domain of Nanog indicates homeodomain. The 
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yellow bar shows tryptophan repeat (WR) domain within 

C-terminal domain. (B) Sequence similarity of full length of 

Nanog protein among species. The matix shows percentage 

of residues which are identical with heatmap and numbers. 

(C) Sequence similarity of homeodomain of Nanog protein 

among species.
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Figure 3. Secondary structure and expectation of DNA 

binding sites of homeodomain in mouse and chicken Nanog 

protein. Mouse and Chicken Nanog homeodomain are 

analyzed by PHYRE2 (Protein Homology/analogY Recognition 

Engine V 2.0). The numbers on the sequence show location 

of amino acids in Nanog protein. The red boxes indicate 

motifs for DNA binding. Green helices represent α-helices. 

'SS confidence' line indicates the confidence in the 

prediction, with red being high confidence and blue low 

confidence. The 'Disorder' line contains the prediction of 

disordered regions in Nanog protein and such regions are 

indicated by question marks (?). 'Conserved Domain info' line 

indicates that red dots indicate DNA binding site and blue 

dots indicate specific DNA base contacts. 
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Figure 4. Reverse transcription PCR and Real time qPCR of POUV, Nanog, Sox2 and ENS-1. (A) 

RT-PCR is conducted with cPOUV, cNanog, cSox2, ENS-1 using cDNA of oocyte and intrauterine 

stage blastoderms. All the pluripotent genes used in this study (cPOUV, cNanog, cSox2 and 
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ENS-1) are expressed in EGK.X except Sox2. chicken POUV is expressed from EGK.V and 

strongly expressed from EGK. VIII. Chicken Nanog is maternally inherited and expressed in during 

all intrauterine periods. ENS-1 which is specifically expressed in cESCs starts to express from 

EGK.V. No Sox2 bands are detected during all intrauterine period. RT-PCR was conducted with 

CEF as negative control. (B, C, D) Real time qPCR is conducted with cPOUV, cNanog, cSox2, 

ENS-1 using cDNA of oocyte and intrauterine stage blastoderms. GAPDH was the reference gene. 

Results are expressed as mean ± SD (n = 3). Significant upregulation of Nanog was detected 

from EGK.V. POUV was upregulated from EGK.VII and no Sox2 upregulation was detected during 

intrauterine period. ENS-1 expression started from EGK.V and showed significant upregulation in 

EGK.VIII.  
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Figure 5. Localization and expression of cPOUV transcript during intrauterine stage of chick 

blastoderms. In situ hybridization analysis shows the localization and expression of cPOUV 

transcript (A~J). cPOUV expression was detected from EGK.VII (G and G') in which the cell 
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shedding was occurred. Shedding cells have no cPOUV expression and remained cells has cPOUV 

transcript (G~I and G'~I'). Newly formed hypoblast in EGK.X expressed cPOUV in salt and pepper 

manner and has weak cPOUV signal against epiblast (J and J').
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Figure 6. Expression of cPOUV transcript and cell shedding at EGK.VIII stage. (A) At EGK.VIII 

stage, cPOUV transcipts are exclusively expressed in area pellucida. (B) Scheme of direction of 

section (C) Cell shedding occurred from posterior region of blastoderm to anterior, thereby the 
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layer of blastoderm is gradually decreased during area formation periods. The lower most cells fall 

into the subgerminal cavity from posterior to anterior. The center of blastoderms are relatively 

thinner (a.p) than those of margin (a.o). Shedded cells are relatively larger than the upper most 

cells in area pellucida and have many yolk granules. (D) Shedding cells have no cPOUV 

expression (white arrow). The cells attached to upper layer cells and will be shedded in area 

pellucida also have no cPOUV trasncripts (black arrow). a.p : area pellucida, a.o : area opaca. 

Scale bar=100μm.
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Figure 7. Localization and expression of cNanog transcript during intrauterine stage of chick 

blastoderms. In situ hybridization analysis shows the localization and expression of cNanog 

transcript (A~J). Detectable expression of cNanog was started from EGK.IV in which the cell 
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layer increase still occurred (D and D'). Shedding cells have no cNanog expression and remained 

cells has cNanog transcript (G~I and G'~I'). cNanog exclusively expressed in epiblast in EGK.X. 

Newly formed hypoblast has no cNanog expression (J and J').
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Figure 8. Expression of cNANOG transcript and cell shedding 

at EGK.VIII stage. (A) Section of EGK.VII blastoderm. Large 

cells have many yolk and no cNANOG expression (white 

arrows). Relatively small cells express cNANOG transcript 

(black arrows). Large cells and small cells are located 

randomly in this stage. (B) Section of EGK.VIII blastoderm. 

Almost all large and yolky cells are shedded in this stage. 

cNANOG transcripts are exclusively expressed in remaining 

cells. 
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Figure 9. Expression of genes related in pluripotency. 

RT-PCR is conducted with chicken homology of ICM marker 

(Tbx3, Dax1, Nr5a2, Prdm14, Esrrb, Klf2, Klf4 and Klf5), 

epiblast marker (Otx2 and Dnmt3b), Nanog regulator (Esrrb, 

Klf4, Zic3, Tbx3, Tcf3 and Tpt1), interactors of Nanog 

(Sall4, Dax1 and Tet2) and Oct4 regulator (Brg1) using 

cDNA of EGK.III, VI and VIII blastoderms. 
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Table 1. Amino acid informations of Nanog and POUV for 

alignment.

Protein species Accession
Length 

(a.a.)
chromosome

Nanog Human AAP49529 305 12

Chimpanzee NP_001065295 305 12

Monkey NP_001274577 305 11

Elephant XP_003410852 305 unknown

Bovine NP_001020515 300 5

Pig ABS83566 305 5

Mouse NP_082292 305 6

Chicken ABK27429 309 1

Duck AFX61403 302 unknown

Zebrafish AEZ64150 384 24

POUV Human NP_002692 360 6

Monkey NP_001108427 360 4

Bovine NP_777005 360 23

Pig NP_001106531 360 7

Mouse NP_038661 352 17

Chicken NP_001296301 389 17

Zebrafish NP_571187 472 21
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Table 2. Primer sequences for in situ hybridization and 

RT-PCR.

Primer Sequence (5' → 3') Product size (bp)

cNanog F CAGCAGACCTCTCCTTGACC
586

cNanog R AAGCCCTCATCCTCCACAGC

cPOUV F GCCAAGGACCTCAAGCACAA
511

cPOUV R ATGTCACTGGGATGGGCAGA

cSox2 F CACAACTCGGAGATCAGCAA
471

cSox2 R GTAGGTAGGCGATCCGTTCA

ENS-1 F CTGAAGGTTACTGGGGACCA
403

ENS-1 R ACTTTGGGTCCTGACTGGTG

GAPDH F ACACAGAAGACGGTGGATGG
196

GAPDH R GGCAGGTCAGGTCAACAACA
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Table 3. Primer sequences for qRT-PCR

Primer Sequence (5' → 3') Product size (bp)

qNanog F CAGCAGACCTCTCCTTGACC
187

qNanog R TTCCTTGTCCCACTCTCACC

qPOUV F GTTGTCCGGGTCTGGTTCT
189

qPOUV R GTGGAAAGGTGGCATGTAGAC

qSox2 F GCAGAGAAAAGGGAAAAAGGA
170

qSox2 R TTTCCTAGGGAGGGGTATGAA

qENS-1 F TGCTCGGCCTTCTGTATCAG
181

qENS-1 R TTCCTCTCGGAACTCCACAG

qGAPDH F ACACAGAAGACGGTGGATGG
196

qGAPDH R GGCAGGTCAGGTCAACAACA
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Table 4. Primer information of pluripotent genes

Primer Sequence (5' → 3') Product size (bp)

cKlf4 F CTCCCACTCCTCTCCTCCTC
574

cKlf4 R ATGTCCGCCAGGTTGAAG

cKlf5 F CCGAGCCCGTCACTATCTTC
797

cKlf5 R CCCGGTGTGCTTCCTGTAAT

cKlf2 F AGTACGGCCTTTTCGAGGAC
550

cKlf2 R CAGGTTCTGTGCAGGAGACG

cTbx3 F TGGAAGACGACCCGAAAGTG
806

cTbx3 R GGCTTCTAGCAAAGGGTCGT

cEsrrb F GCTGGAATTGGACTGAGGCT
765

cEsrrb R GTCACAGAGGGTTGTCAGGG

cTet2 F GTCTGCTGAGAAAACCCCGA
762

cTet2 R AGCTTCTTGTAGGTGGGTGC

cPrdm14 F GTTCGCCTACCGCTACTACC
746

cPrdm14 R GGAAGGGACGCTCCTGAAAA

cTcf1 F GGTATGAAGCACCAGGACCC
454

cTcf1 R GCTGAGGTTTCATGTTGCGG

cSall4 F CGTGAGGTCAAAGTCACCGA
500

cSall4 R CATGGACCTTCAGGTTCCCC

cTpt1 F CGGTGATAACCGGTGTGGAT
483

cTpt1 R CCTCCACTCCAAATCAGGGT
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Primer Sequence (5' → 3') Product size (bp)

cBRG1 F AGAAGCTGGAGAAGCAGCAG
478

cBRG1 R CTCATCTGGCTCGTCTCGTC

cTcf3 F GGGTAACAGAGGAACCACGG
895

cTcf3 R TACGGCCTGGTGGAGGATTA

cZic3 F AAGAAGAGCTGCGACAGGAC
620

cZic3 R TGCCTTCACACGTACCACTC

cDax1 F AGCATCCTCAAGAGCCACG
588

cDax1 R GGCTTGGTCACCTCTGTGAA

cDnmt3b F CAAACCACTGGGCGTCAAAG
620

cDnmt3b R CCGCTGGGTAGATTTTGGGT

cSall1 F CGTGGCTTTTCCACAAAGGG
516

cSall1 R GCCTCCTAGGAACGTCATGG

cDnmt3a F CTCATGTGCGGCAACAACAA
998

cDnmt3a R TTGGACACGTCCGTGTAGTG

cNr5a2 F ATGCCTCAGCGTTGGAATGA
582

cNr5a2 R AGCTTCTCGTGCTTGCTTCT

cOtx2 F GCAGTCAATGGCCTGAGTCT
504

cOtx2 R GGTCATGGGGTAGGACCTCT

qGAPDH F ACACAGAAGACGGTGGATGG
196

qGAPDH R GGCAGGTCAGGTCAACAACA
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4. Discussion

Acquisition of pluripotency is the most pivotal 

procedure of early development.  After extensive studies of 

pluripotency in mESCs, scientists found that several 

transcription factors form pluripotency networks for their 

ability of infinite self renewal and undifferentiation. Oct3/4, 

Sox2 and Nanog are the most crucial factors for pluripotency 

networks among the various genes related in pluripotency. 

Indeed, differentiated cells can be reprogrammed to an 

embryonic-like state by transfer of Oct3/4, Sox2, c-Myc 

and Klf4 (Takahashi et al., 2007; Takahashi and Yamanaka, 

2006). Also, Nanog expression is critical for distinguish of 

fully reprogrammed states (Takahashi et al., 2007).

Until now, there is no study on formation of 

pluripotency in aves because of hardness of accessibility to 

blastoderms before the oviposition. We harvested intrauterine 

stages of chick blastoderms by abdominal massage and 

investigated  expression dynamics of Nanog, Sox2, ENS-1 

and POUV which is chicken homology of Oct3/4. 

mouse Oct3/4 mRNA is expressed in maturing and 

ovulated oocytes but not in sperm. It seems that zygotic 

Oct3/4 transcription begin around four to eight cell stage. 

But from zygote to four cell stage, their expression levels 

are gradually decreased. Oct3/4 mRNA is distributed evenly 

during expanding blastocyst stage. Oct3/4 expression is 
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predominantly expressed in the ICM, while weak expression 

is found in the primitive endoderm and no expression is 

detected in trophectodermal cells. In chicken, our data show 

that cPOUV is expressed from EGK.V to EGK.X (Figure 4A) 

and the expression levels are gradually increased (Figure 

4B). in situ hybridization results of cPOUV probe indicate 

that cPOUV expression is detected from EGK.VII (Figure 5). 

Because chicken oocytes have no cPOUV expression, early 

development of chick embryo may be not affected by 

cPOUV. 

cPOUV seems to be related in lineage segregation of 

differentiation. During area formation period, almost all the 

shedding cells have no expression of cPOUV (Figure 

5G'-5H', Figure 5C, 5D). The possible explanation is that 

the cells which have no cPOUV are shedded out because 

they have no ability for development. Instead, they provide 

the nutrients to other cells which express cPOUV. Indeed, 

shedding cells have large amount of yolk granules (Kochav 

et al., 1980). Primitive endoderm of EGK.X blastoderms 

express cPOUV weaker than epiblast. The other groups 

show similar results in cPOUV expression in this stage 

(Lavial et al., 2007, Nakanoh et al., 2015). The expression 

levels of pluripotent gene is crucial for the differentiation of 

pluripotent cells. In mouse ESCs, Oct3/4 acts like mesoderm 

specifier (Zeineddine et al., 2006) and Nanog acts like 

endoderm specifier (Teo et al., 2011), respectively. Also 

Sox2 is essential for ectoderm differentiation (Wang et al., 
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2012). Together, exclusiveness of cPOUV expression also 

related in lineage segregation during early development of 

chick embryos.

In contrast to mammals, cNanog is maternally 

inherited and express all the stages of intrauterine period 

(Figure 4A, 4C). But, we cannot detected any signals in 

EGK.I, II and III by in situ hybridization (Figure 7). We 

assume that the expression levels of cNanog in these stages 

are very low, so that is why we cannot detect any signals 

(Figure 4C). Mouse Oct3/4 and Sox2 are inherited from 

maternal components and important for the expressoin of the 

Nanog (Rodda et al., 2005). Chicken seems to be different 

mechanism for cNanog transcription during ZGA because of 

the absence of cPOUV and cSox2. But, protein expression 

analysis of cPOUV and cSox2 has to be conducted for exact 

conclusion. cNanog is related to lineage specification like 

cPOUV. The shedding cells have no expression of cNanog. 

The epiblast of EGK.X blastoderm express cNanog but not in 

the hypoblast (Figure 7 and Figure 8). At EGK.VII stage, 

shedding cells are already buried in multi layer cells (Figure 

8A). And it seems to be gradually detached from lower most 

cell layer at EGK.VIII (Figure 8B).  

RT-PCR results show that EGK.X from which the 

cESCs are derived has all the pluripotent genes except the 

Sox2 (Figure 4A). Mouse Sox2 protein is expressed in the 

cytoplasm of growing oocytes and is shuttled from the 

cytoplasm to nucleus by the 2-cell stage. Zygotic Sox2 
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transcription begins in the late morula. Knock out mouse 

embryos show defective epiblast development and early 

embryonic lethality (Avilion et al., 2003). Also 

trophectoderm differentiation is occurred in knock out of 

mESCs (Masui et al., 2007). So, Sox2 have crucial role in 

ealy embryonic development and maintenance of 

pluripotency. But, our data show that there are no cSox2 

expression during intrauterine stage of chick blastoderms 

(Figure 4A). 

Interestingly, cSox2 expression is up-regulated in 

cESCs, when EGK.X blastodermal cells are cultured in vitro. 

So, we can assume that in vitro culture condition of cESCs 

have impact on pluripotency network and the function of 

Sox2 is conserved to maintenance of pluripotency. The ZGA 

of chicken is not controlled by cSox2 and cPOUV 

(Leichsenring et al., 2013, Lee et al., 2013) because no 

transcripts of cSox2 and cPOUV are detected during ZGA of 

chicken (Figure 4A). But, mouse Sox2 is maternally 

inherited in protein form, the future experiments will focus 

on expression and localization of Sox2 protein. 

ENS-1, early marker of neural induction and novel 

pluripotency marker of galliforms, is also expressed before 

the EGK.X (Figure 4A and 4D). ENS-1 starts to be 

expressed from EGK.V. In aspects of ENS-1 as neural 

specification marker, lineage specification may occur before 

EGK.V~VI. Indeed, primitive endoderm markers such as 

Gata4, Gata6 and Sox17 are expressed from EGK.VII in 
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zebrafinch (Mak et al., 2015). In aspects of ENS-1 as 

pluripotency marker, pluripotency acquisition is already 

formed before EGK.X in which pluripotency is thought to be 

completely formed. 

The difference of expression dynamics of 

pluripotency related genes is unexpected clue because of 

DNA binding domain of cPOUV and cNANOG which show 

highly conserved amino acid sequences with mammals 

(Figure 1 and Figure 2). Indeed, prediction of amino acids 

which related in DNA binding are also similar between 

mouse and chicken (Figure 3).

Taken together, core pluripotency related 

transcription factor are expressed except Sox2, underlying 

molecular mechanism for pluripotency acquisition is differ 

from what occurred in mammals. Future studies will focus on 

interaction of the pluripotency markers in vivo system. 
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SUMMARY

Pluripotency refers the ability that can differentiate 

into any of the three germ layers; endoderm (gastrointestianl 

tract and lung), mesoderm (muscle, blood and bone) and 

ectoderm (nervous system and epidermal tissues). In 

mammals, embryogenesis is accompanied with a gradually 

loss of developmental capacity from a zygote which has 

totipotency. The zygote take series of cleavage to form 

cluster of cells for further development. The cluster of cells 

differentiate into ICM which has pluripotency and will makes 

body proper and trophectoderm which will differentiate into 

extraembryonic lineage cells. 

In vivo, pluripotency is gradually acquired from 

zygote through ZGA and pluripotent gene network. 

Embryonic pluripotency in the mouse is established and 

maintained by a gene-regulatory network under the control 

of a core set of transcription factors that include 

octamer-binding protein 4 (Oct4; official name POU domain, 

class 5, transcription factor 1, Pou5f1), sex-determining 

region Y (SRY)-box containing gene 2 (Sox2), and 

homeobox protein Nanog. Notwithstanding usage in 

development biology, the studies for pluripotency in avian 

embryos is still remains largely unknown. Thus, to compare 

and analyze the acquisition of pluripotency between mammals 

and aves, we select chicken as a model of aves. 
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We studied early development of intrauterine period 

of chick blastoderm. We described the general development 

of chick embryo. To investigate the novel phenomenon of 

chick development, firstly, we hypothesized that the gravity 

is one of the reason for shedding mechanism. We conducted 

ex vivo culture and the results indicate that gravity has no 

or little impact on the shedding phenomenon of chick 

blastoderm. Secondly, we conducted TUNEL assay with 

EGK.VIII blastoderms to detect programmed cell death 

(apopotosis). But, we cannot detect any TUNEL positive 

signals in shedding cells. Taken together, cell shedding, the 

novel mechanism of chick blastoderm during area pellucida 

formation, is not a passive moving of cells which is occurred 

by gravity or apoptosis.

Next, we investigated the similarities of amino acid 

sequences of core pluripotent genes cPOUV and cNanog. As 

results, DNA binding domains of cPOUV and cNanog are 

highly conserved among the species, but the full length 

similarities of amino acid are low. Then, we focused on 

Nanog homeodomain of mouse and chicken were analyzed 

using PHYRE2. The results indicate that Nanog homeodomain 

of mouse and chicken have similar secondary structure and 

DNA binding sites. According to DNA binding domain 

similarity, we can assume that the function of chicken Nanog 

is similar to mouse.

 To investigate the expression of pluripotency related 

gene, we harvested chick blastoderms of intrauterine period 
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by abdominal massage and classified the blastoderms 

according to Eyal-Giladi and Kochav’s criteria. White 

Leghorn (WL) hens (54-56 weeks old) were used for the 

collection of intrauterine eggs. To collect oocytes, WL hens 

were sacrificed and the follicles were detached from the 

ovaries. Then, spatial and temporal expression patterns of 

pluripotent genes were observed during intrauterine stages 

of chick using PCR and in situ hybridization.

 RT- and Real time-PCR were conducted to 

investigate the expression of cPOUV, cSOX2, cNANOG and 

ENS-1. As results, EGK.X which is homologue of mouse 

blastocyst, has all the pluripotency related gene expression 

except cSOX2. However, expression dynamics is differ from 

those of mouse. Mouse Oct4 and Sox2 are maternally 

inherited and Nanog is upregulated by Oct4- Sox2 

transcriptional complex in mouse embryo. But, in chicken, no 

cPOUV transcripts are found in the oocytes and cNANOG is 

expressed from the oocyte to EGK.X instead of cPOUV. 

cSOX2 is not exist until EGK.X in which pluripotency is fully 

acquired. Taken together, The lineage specific expression 

pattern of chick pluripotent genes are conserved. But their 

expression dynamics are differ from what occur in mammals 

and the underlying mechanisms could be different from 

mammals. Also, our results revealed that pluripotency seems 

to be related to cell shedding which is novel mechanism of 

chick early development. This work will serve as a 

foundation for the better elucidation of the mechanism of 
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pluripotency formation and lineage segregation, as well as 

for the comparative information of the evo-devo among the 

species. 

Key words: pluripotency, chicken, intrauterine, development
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CHAPTER 1 

Introduction
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Early mammalian development is featured by a certain 

stage, the blastocyst, when embryonic and extraembryonic 

lineages have been specified, but gastrulation and axis 

formation has not yet begun. The blastocyst is also 

important  because the cell population of inner cell mass 

have the capability to generate all the cell types of the adult 

animal. 

The pluripotency of inner cell mass is maintained and 

established by a regulatory network which include a subset 

of transcription factors, comprising Oct4, Sox2 and Nanog. 

The core transcription factors of this network work together 

by means of auto- and cross-regulatory interactions and 

also through direct and overlapping binding to multiple 

locations where they regulate downstream target genes 

(Boyer et al., 2005, Loh et al., 2006, Marson et al., 2008) 

After compaction, the first lineage segregation of the 

developing mammalian embryo is the specification of the 

inner cell mass (ICM) and trophectoderm (TE) at the morula 

stage. The Outer most cells of morula stage gradully specify 

into the TE forming precursors and the inner cells specify 

into the ICM precursors. In blastocyst stage, ICM and 

blastocyst cavity are surrounded by TE. In the late 

blastocyst a second lineage decision is occurred according to 

expression of specific transcription factor. The primitive 

endoderm (PE), an extraembryonic endoderm cell layer has 

been specified and segregated from ICM. The remained cells 
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of ICM in late blastocyst become the epiblast, the precursor 

cell population of the embryo proper (Rossant and Tam, 

2004). The most important feature of ICM and epiblast 

populations is the ability to differentiate into all embryonic 

tissues and germ layers. Both of ICM and epiblast are the 

source of embryonic stem cells (ESCs) which have 

pluripotency under specific culture conditions. The 

pluripotency of ICM and epiblast is lost gradually as the 

embryo differentiate into the preimplantation stage of 

embryos. After implantation, the pluripotency is restricted 

only in the primordial germ cells which is precursors of 

germ line cells and deliver their genetic information to next 

generation. 

Understanding of the genetic regulatory network of 

pluripotency is based mainly on studies with mutant mice 

and ESCs of mouse and human embryos. Due to intensive 

studies of preimplantation stage, lineage segregation in 

mouse embryo is tightly regulated by gene regulatory 

networks (GRN) in which subset of transcription factors are 

involved (Boiani and Scholer, 2005). Despite the pluripotency 

network is conserved in mammals, little information is 

available and studied regarding its evolutionary conservation 

in other vertebrates. 

In this study, to compare and analyze the acquisition 

of pluripotency between mammals and aves, we select 

chicken as a model of aves. Firstly, we described early 

development and investigated cell shedding which is novel 



4

mechanism of chick develoment. Next, we investigated 

pluripotency acquisition during intrauterine period of chick 

blastoderm. Our results will serve valuable foundation of 

chick development.
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CHAPTER 2 

Literature Review
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1. Early development of mammalian embryos

The development of the mammalian embryos involves 

an ordered series of lineage specifications and axis 

formation. In many invertebrates and vertebrates, cell 

cleavages in asymmetric manner in the egg correlate with 

the distribution of determinants that effect on lineage 

segregation and axis formation. 

The mouse blastocyst consists of three different cell 

population include the trophectoderm (TE), the epiblast and 

the primitive endoderm. The epiblast differentiate into the 

embryo itself, whereas the other two cell population give 

rise to extra-embryonic cell lineages which support the 

development of the embryo in uterus.

 1.1. The first lineage specification of early embryos in 

mouse

The first lineage specification occurs at morula stage 

of mouse embryos. With the consequence of first lineage 

specification, morula cells are differentiate into two different 

cell population, trophoblast and inner cell mass (ICM). Cdx2, 

a caudal-related homeodomain protein, and Eomes, a T-box 

transcription factor, are two important transcription factor of 

the trophectoderm differentiation. For example, the 
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expression of Cdx2 in ESCs allows them to differentiate into 

trophoblast (Niwa et al., 2005).

 In the embryos, Cdx2 starts to be expressed at the 

eight cells and restricted and upregulated in the outer cell 

population of the morula (Dietrich and Hiiragi, 2007, Ralston 

and Rossant, 2008). The cells which have pluripotency in 

ICM express transcription factors such as Oct4 (Nichols et 

al., 1998), Sox2 (Avilion et al., 2003, Nichols et al., 1998) 

and Nanog (Chambers et al., 2003; Mitsui et al., 2003). The 

expression of these transcription factors are detected in 

every cells during cleavage, and are gradually restricted to 

the ICM. The restriction of Oct4 depends on Cdx2. In Cdx2 

null embryos, Oct4 and Nanog expression remain in TE 

(Ralston and Rossant, 2008). Thus blastocyst lineage 

specification begins with the expression of TE specific 

transcription factor Cdx2 and their repression function to 

pluripotent genes which need to sustain ICM. Later, the 

reciprocal repression of TE lineage genes by Oct4, Sox2 and 

Nanog in the pluripotent lineages (Loh et al., 2006, Boyer et 

al., 2005), combined with the auto regulatory feed back of 

the Oct4 (Chew et al., 2005) and Cdx2 genes (Xu et al., 

1999; Beland et al., 2004), support the maintenance of 

proper lineage specification.

Cdx2 null embryos show no abnormality in initiation 

of blastocyst formation (Strumpf et al., 2005). But, in 

blastocyst, Cdx2 null embryos lose integrity in outer 

epithelium of the blastocyst. Also outer cells do not 
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differentiate into further trophoblast lineages (Strumpf et al., 

2005). 

Eomes null embryos of mouse are arrested in 

blastocyst stage but at a slightly later stage than in Cdx2 

mutants (Russ et al., 2000, Strumpf et al., 2005). The 

expression of Eomes is reduced in Cdx2 null embryos but 

Cdx2 is still expressed in Eomes null embryos, placing the 

Eomes transcription factor downstream of Cdx2 (Ralston and 

Rossant, 2008, Strumpf et al., 2005). Neither Cdx2 and 

Eomes null embryos fail to initiate of TE formation, 

suggesting that there may be more upstream regulator of 

Cdx2 and Eomes. Further studies have shown that the TEA 

domain/transcription enhancer factor family, TEAD4, is 

important to expression of Cdx2 for the formation of the TE 

lineage (Nishioka et al., 2008, Yagi et al., 2007). 

Transcription factor TEAD4 null mouses show a more 

severe phenotype than Cdx2 and fail to support Cdx2 

expression, placing TEAD4 at the top of the transcription 

factor for TE lineage specification. TEAD4 gene function as 

transcription factor with a co-activator, Yorkie (Yki) in 

Drosophila or Yap (Yes-associated protein) in mammals 

(Vassilev et al., 2001, Zhao et al., 2008). So 

nuclear-localized Yap could be the most pivotal clue for 

TEAD function in TE lineage differentiation. Although there 

are intensive study on TE formation, the transcription factor 

networks that drive TE formation are still not fully 

understood. 
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 1.2. The Second lineage specification of early embryos in 

mouse

The second lineage specification of mouse embryos 

initiate with transition of ICM to epiblast and primitive 

endoderm. Recently, there are intensive studies which 

explain how cells in the ICM of the blastocyst can be 

segregated into the progenitors of the epiblast and primitive 

endoderm. Whereas the first lineage specification of ICM and 

TE formation depends on cell position, the second lineage 

specificatioin is conversed to those of the first. The epiblast 

versus primitive endoderm specification in the ICM appears 

cell fate precedes and designate the cell position. Until 

recently, it was thought that all ICM cells at E3.5 have 

equivalent potency for differentiatioin. The individual cells of 

ICM at E3.5 show the exclusive expression of either epiblast 

specific genes such as Nanog or primitive endoderm specific 

genes such as Gata4 and Gata6, refered to as 'salt and 

pepper’pattern prior to the formation of the primitive 

endoderm layer (Chazaud et al., 2006; Gerbe et al., 2008). 

The cell tracing and chimera analysis has proved that the 

descendant of individual cells in ICM are firstly restricted in 

each specific fate (Chazaud et al., 2006). These studies 

explain that thare are a new model of epiblast/primitive 
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endoderm formation based on an mosaic lineage specific 

expression of two lineage progenitors at E3.5 mouse 

embryos, followed by cell sorting and migration to the 

appropriate positions in the ICM at E4.5 (Rossant et al., 

2003). Single cell genome-wide expression analysis also 

shows that undifferentiated ICM at E3.5 embryos consist of 

two populations of cells, one for expression of primitive 

endoderm genes and the other for expression of pluripotent 

epiblast like genes (Kurimoto et al., 2006). In addition to 

cell position, cell signaling is also important for the second 

lineage specification. In particular, signaling through a Grb2 

(growth receptor bound protein 2)-dependent pathway is 

needed to the initiation of primitive endoderm gene 

expression (Chazaud et al., 2006). Grb2 is an adaptor 

protein that can activate receptor tyrosine kinase to the 

downstream MAP kinase signaling pathway. In the absence 

of Grb2, formation of primitive endoderm is not occurred and 

all cells in the ICM express Nanog and show epiblast 

feature.

2. Early development of avian embryos

2.1. Before the first cleavage of chick blastoderm

Development of the chick as starting at incubation 

needs 21 days for hatching, ex utero. After laying, the 
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incubation of fertilized eggs initiates the process of 

gastrulation in the blastoderm. The initial stages of 

development thus proceed before laying. Most of studies in 

chick early blastoderm have taken using the embryos after 

ovipostion because of the practical difficulties to harvest the 

embryos before ovipostion. But, some of the most critical 

events occur during the first day of chick development. 

After ovulation, fertilization takes place in the 

infundibulum within 15minutes. The cytoplasm of zygote is 

lighter than the yolk, so zygote lie on the uppermost side of 

the yolk. As the egg passes down the oviduct, they are 

gradually covered by the albumen which is secreted from 

magnum. The time for the first cleavage has occured 

approximately 6 hrs (Patterson, 1910) and 5.5 hrs (Olsen, 

1942) after the laying of the previous egg. 

2.2. Cleavage period

Chick development is traditionally divided according to 

two staging systems, the Hamburger and Hamilton (HH) 

stage for after oviposition and the Eyal-Giladi and Kochav 

(EGK) stage for before oviposition. The intrauterine period 

is covered by EGK stage and is divided into 10 stages (from 

EGK.I to EGK.X). Cellularization, zygotic genome activation 

(ZGA) and layer increase take place in the first six stages 

(from EGK.I to EGK.VI) usually called cleavage period. Cells 
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become smaller as development proceed and the subgerminal 

cavity first appears at EGK.II to EGK.III. Cell layers are 

gradually increase up to 5 or 6 cell layers. This process 

continues until EGK.VI when all cells are cellularized.

The first important feature in cleavae stage of early 

chick blastoderm is lagged cytokinesis. From first cleavage, 

cytokinesis lags behind nuclear division. And the second 

feature is ZGA. ZGA occurs in two waves in vertebrate 

embryos (Tadros and Lipshitz, 2009). An early/minor wave 

as the earliest sign of ZGA and a late/major wave 

representing a robust and large scale increase in ZGA. In 

the zebrafish, the minor ZGA starts at cleavage stages 

(64-cell stage) and the major one at early blastula stage 

(Mathavan et al., 2005). In the mouse, the minor ZGA starts 

at one-cell stage and the major one at two-cell stage 

(Wang and Dey, 2006); whereas in human, the minor ZGA 

starts at two-cell stage and the major ZGA at the four- to 

eight-cell stage (Vassena et al., 2011, Xue et al., 2013). 

Timing of ZGA onset is influenced by nucleocytoplasmic 

ratio, maternal clock, transcript abortion, and epigenetic 

modification (Tadros and Lipshitz, 2009), the first two of 

which are related to oocyte organization, early cleavage 

pattern and developmental speed. In this respect the chick 

embryo resembles more the fish and frog embryos than the 

mouse or human embryos. Radioisotope labeling (Wylie, 

1972) and electron microscopy (Raveh et al., 1976) studies,  

suggested that there is no prominent ribosomal RNA 
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synthesis before EGKIII. One may predict based on these 

lines of evidence that the minor ZGA in the chick starts at 

mid-cleavage stages (EGK-II to -IV) and the major ZGA at 

late cleavage stages (EGK-IV to -VI). Indeed, 

phosphorylated RNA polymerase II immunostaining showed 

that ZGA in the chick starts at early EGK-III during the 7th 

to 8th nuclear division cycle (Nagai et al., 2015).

2.3. Area pellucida formation period

During area pellucida formation period increased cell 

layers gradually decrease. The cells in the deeper layers of 

the posterior end round up, detach from the blastoderm, and 

shedding out into the subgerminal cavity. As a result, 

subgerminal cavity is more expended. The cell shedding is 

continues to anterior direction. After finish the cell shedding, 

the blastoderms have one or two cell layers. The shedded 

region is seen as relatively bright so called area pellucida 

and marginal region of blastoderm has lots of cells which 

still remain so that region called as area opaca.

The uppermost layer of the blastoderm become 

somewhat organized epithelium and small population of cells 

drop out from uppermost layer or made from posterior 

region. The newly made cells are hypoblast or primitive 

endoderm.
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 3. Recent studies on pluripotency in mammalian embryos

 

Totipotency defined as the ability of a single cell to 

develop into an organism, while pluripotency refers to the 

ability of a single cell to differentiate into three germ layers 

of the embryo except the extra- embryonic lineages. Some 

group of scientists suggest that zygotic genome activation 

(ZGA, also referred to as EGA, for embryonic genome 

activation) is needed for the change of status from 

totipotency to pluripotency (Kidder and Mclachlin, 1985, 

Camous et al., 1986, Jarrell et al., 1991, Schramm et al., 

1999) The change of status from totipotency to pluripotency 

is accompanied by major changes in chromatin remodeling, 

histone modifications such as H3K27me3 and H3K4 me3 

(Santos et al., 2005) and DNA methylation (Smallwood et 

al., 2011, Smith et al., 2012).

 

3.1. POUV

Oct3/4 (octamer-binding transcription factor 3/4) also 

known as POU5F1 (POU domain, class 5, transcription factor 

1) belongs to POU family members act as transcriptional 

repressors or activators depending on their co-factors. In 

addition, the control of Oct-3/4-Sox-2 complex identified a 

Sox-2 regulatory region (Tomioka et al., 2002). Moreover,   
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It has been reported that Octamania, the POU factors 

including Oct4 and 6, are expressed as early as in the 

preimplantation embryo and thus may regulate early events 

of murine development (Scholer, 1991).  Mouse pluripotent 

ES cells are controlled by the POU transcription factor 

Oct3/4 and its expression is restricted to pluripotent cells 

(Pesce et al., 1998a)  and downregulated during 

spermatogenesis and oogenesis (Pesce et al., 1998b).  In 

addition, it has been reported that Oc3/4 is important for 

setting founder pluripotent cells during murine ESC 

formation. (Nichols et al., 1998 Niwa et al., 2002). 

Moreover, Oct3/4 expression is able to prevent ESCs 

differentiation upon withdrawal of LIF, and if its expression 

maintained at a critical level, it can prevent ESC 

differentiation (Niwa et al., 2000).

3.2. Nanog

Nanog is homeodomain-containing protein centrally 

positioned in the transcriptional network of pluripotency 

(Boyer et al., 2005, Cole et al., 2008, Loh et al., 2006, 

Wang et al., 2006). Nanog is essential for early embryonic 

development (Mitsui et al., 2003). Nanog is expressed from 

the morula stage and is in pluripotent embryo cells, 

derivative ES cells, and the germline cells of mammals and 
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birds (Chambers et al., 2003, Lavial et al., 2007, Mitsui et 

al., 2003, Yamaguchi et al., 2005). Nanog null mouses do not 

develop over the implantation (Mitsui et al., 2003). An inner 

cell mass (ICM) is evident in mutant blastocysts and the 

collapse of post-implantation development has been assumed 

to reflect a requirement for Nanog to maintain and expand 

the pluripotent epiblast (Mitsui et al., 2003). 

However, conditional gene deletion in ES cells 

revealed that Nanog is not essential for propagation of 

pluripotency ex vivo (Chambers et al., 2007). Nanog null ES 

cells are more prone to differentiate but can be maintained 

indefinitely. Moreover, they contribute extensively to somatic 

chimeras, presenting a major discrepancy with the embryo 

deletion analysis.

Over-expresssion of Nanog is sufficient to maintain 

self-renew of undifferentiated ES cells without LIF which is 

important to sustain stemness of ESC (Chambers et al., 

2003.) Interestingly, Nanog is not one of the reprogramming 

transcription factors to induce pluripotency from somatic 

cells (Maherali et al., 2007; Okita et al., 2007; Takahashi et 

al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 

2007). But Nanog is essential for transit to ground state of 

pluripotency from intermediates (Silva et al., 2009). 

Proper expression of Nanog is also important for 

early development and acquisition of pluripotency in epiblast. 

Heterozygous Nanog blastocysts have improper inner cell 
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mass and delayed formation of primitive endoderm. Thus, 

biallelic expression of Nanog at proper developmental time is  

important to make fully functional pluripotent epiblast 

(Yusuke and Maria-Elena, 2012).

3.3. Sox2

SRY (sex determining region Y)-box 2, also known 

as SOX2, is a transcription factor belonging to the SoxB1 

subfamily of genes (Miyagi et al., 2009), essential to 

maintain self-renewal of undifferentiated embryonic stem 

cells. Sox2 is involved in maintaining pluripotency through 

Oct3/4 (Chickarmane et al., 2006). In early mouse 

development, Sox2 is first expressed in the Inner Cell Mass 

(ICM) where its role was proposed to maintain cells in 

undifferentiated state (Wegner, 1999 Wood and Episkopou, 

1999) and in the early neural plate (Uwanogho et al., 1995 

Wood and Episkopou, 1999). It has been shown that Sox2 is 

required for very early embryonic development since Sox2 

null mutant mice faild to develop beyond implantation 

(Wegner, 1999). Sox2 is also expressed in three types of 

stem cells including neural, embryonic (ES cells) and 

trophoblast stem cells (Wiebe et al., 2000 Yuan et al., 1995 

Zappone et al., 2000). The main role of Sox2 in mouse ES 

cells is maintenance of the level of Oct-3/4 expression, 

since Sox2-null ESCs failed to maintain pluripotency and 
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exhibit alteration in the expression of factors acting Oct3/4 

upstream (Gu et al., 2005, Schoorlemmer et al., 1994). 

3.4. Pluripotency in other vertebrates 

Derivation of embryonic stem (ES) cell lines has 

been achieved only for mouse and primates. Recently, 

studies of pluripotent genes are started for evolutionary 

aspects of pluripotency. For example, Oct4 homologous gene 

has been identified in Xenopus (Hinkley, 1992), zebrafish 

(Burgess et al., 2002), Axolotl (Bachvarova et al., 2004).

In Xenopus, when the zygotes are differentiated into 

the blastula, blastocoelic roof called as 'animal cap' consists 

of ectodermal cells. These ectodermal cells have 

pluripotency and differentiate into all the three germ layers 

(Okabayashi and Asashima, 2003). In early amphibian 

development, Oct4 homologues of Xenopus function as 

repressors of germ layer specification (Morrison and 

Brickman, 2006). Interestingly, except Xenopus, a single 

Oct4 homologous gene exists in animals. Xenopus has three 

homologous of Oct4 (Oct25, Oct60 and Oct91). According to 

expression patterns and function, Oct91 is the closest to 

mammalian Oct4 (Morrison and Brickman, 2006, Venkatarama 

et al., 2010). In Xenopus, homologous of Oct4 interferes the 

function of maternal VegT and β-catenin and inhibit the 
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mesendodermal differentiation (Cao et al., 2007).

Nanog homologous gene has been identified in 

zebrafish (Schuff et al., 2012), axolotl (Dixon et al., 2010), 

but not in Xenopus (Scerbo et al., 2012, Schuff et al., 

2012). It demonstrated that Xenopus Nanog might be 

disappear in the Xenopus genome. But, two research groups 

suggest that vent1/2 (ventx) might play the functions of 

Nanog in Xenopus (Schuff et al., 2012, Scerbo et al., 2012). 

Formerly, Vent1/2 acts as down stream targets of BMP 

signal by which dorso-ventral patterning is determined. 

However, overexpression experiments by two groups show 

that these genes regulate not only for the dorsoventral axis, 

but also for the differentiation of mesendoderm (Schuff et 

al., 2012, Scerbo et al., 2012). 

Xenopus Sox2 exists both maternally and zygotically 

like mouse. Also Klf4 expression shows importance of early 

development of Xenopus (Ehlermann et al., 2003). During 

Xenopus embryogenesis, Sox2 is maternally expressed at a 

relatively low level, but its expression increases after 

mid-blastula transition and localizes specifically to the 

neuroectoderm during gastrulation and to the neural plates 

during neurulation. Interestingly, the B1 subgroup Sox 

proteins repress VegT/β-catenin stimulated nodal 

expression and Wnt/β-catenin signaling (Zhang et al., 2003, 

Zhang et al., 2004). Therefore, Sox2 is similar to Oct4 

homologous proteins in their functions in the inhibition of 

mesendoderm germ layer formation in Xenopus.
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In case of zebrafish, the maternal transcription factors 

Oct4 and Eomesodermin A (EomesA) of zebrafish are 

involved in epiboly initiation. Both maternal and zygotic 

Pou5f1 mutant zebrafish shows delayed doming, epiboly and 

lack of endoderm (Lachnit et al., 2008; Lunde et al., 2004; 

Reim et al., 2004). Like mammals, zebrafish Oct4 is 

expressed ubiquitously during cleavage and blastula stages 

but becomes restricted to the epiblast during gastrulation.

Pluripotency network of zebrafish is demonstrated 

that core transcription factor govern the zygotic genome 

activation (ZGA). Interestingly, ZGA of zebrafish coincides 

with the stage of embryonic pluripotency. By analysis of 

ribosome profiling, it was demonstrated that  zebrafish 

Nanog, Pou5f3 and SoxB1 are the most highly translated just 

before ZGA (Lee et al., 2013). Loss of these factors show 

developmental arrest before the gastrulation and failure of 

ZGA (Lee et al., 2013, Leichsenring et al., 2013). These 

results clearly demonstrated novel function of pluripotency to 

ZGAin zebrafish. This effect of pluripotency might be 

different from mouse, because genetic removal of OCT4 

from mouse oocytes does not affect ZGA, totipotency–
pluripotency and developmental competence (Wu et al., 2013, 

Wu and Scholer, 2014).
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3.5. Pluripotency networks

The POU domain-containing Oct4 and the HMG 

domaincontaining Sox2 are two other transcription factors 

known to be essential for normal pluripotent cell 

development and maintenance (Nichols et al., 1998, Avilion 

et al., 2003). Although both have independent roles in 

determining other cell types (Niwa et al., 2000), at least 

part of their function in pluripotent cells is via a synergistic 

interaction between the two to drive transcription of target 

genes. Currently known targets of Sox2-Oct4 synergy are 

Fgf4, Utf1, and Fbx15, as well as Sox2 and Pou5f1 (the 

gene encoding Oct4) themselves (Yuan et al., 1995, 

Nishimoto et al., 1999, Tokuzawa et al., 2003, Tomioka et 

al., 2002, Chew et al., 2005, Okumura et al., 2005). Each of 

these target genes has a composite element containing an 

octamer and a sox binding site. Sox2-Oct4 complex and 

their target gene expression suggest that this complex is at 

the top of the pluripotent cell genetic regulatory network. 

Another down and up stream of core transcription 

factors also important for maintaining pluripotency. for 

example, several pluripotency TFs including Rex-1, Stella, 

Klf4 and Tbx3 are expressed in ES cells (Osorno and 

Chambers, 2011, Niwa et al., 2009). Like ES cells, TFs 

expressed in the Nanog positive epiblast cells of the ICM, 

such as Esrrb, Klf4, Klf5, Rex1 and Tbx3 are detectable in 
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vivo. But, These genes are undetectable in the E7.5 epiblast 

which have primed pluripotency (Ema et al., 2008, Chapman 

et al., 1996, Pelton et al., 2002, Luo et al., 1997). New 

studies have identified two basic helix-loop-helix TFs that 

operate at this juncture. Tcf15 becomes expressed in the 

epiblast just before implantation and represses Nanog 

(Davies et al., 2013). Forced expression of the direct Nanog 

target gene Esrrb, in Nanog/ pre-iPS cells triggers complete 

reprogramming when combined with 5’Azacytidine treatment 

(Festuccia et al., 2012). Furthermore, Nanog interacts with 

Tet1 and induces Tet2 expression (Festuccia et al., 2012, 

Costa et al., 2013). Similarly to Esrrb, Klf4 and Klf5, 

Prdm14 is also a transcriptional target of Nanog. In this 

regard, Nanog, Oct4 and Sox2 are expressed in EpiSCs and 

their promoters are unmethylated, while the pre-implantation 

markers Rex-1, Stella and Fbxo15 have methylated 

promoters in a fraction of the EpiSC population (Osrono et 

al., 2012, Hayashi et al., 2009, Han et al., 2010). Tpt1, a 

cancer-associated factor, is candidate of Nanog and PouV 

regulator. Depletion of tpt1 transcripts in oocytes reduces 

oct4 and nanog transcription. An elevation of tpt1 transcripts 

in oocytes results in an earlier activation of oct4 

transcription (Magdalena et al., 2007). BAF chromatin 

remodeling complexes containing the BRG1 protein have 

been shown to be not only essential for early embryonic 

development. Our results show that BRG1 maintains the 

pluripotency of mES cells by acting both as an activator and 
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a repressor of the expression of Oct4 and other pluripotency 

associated genes, thus regulating the levels of these key 

pluripotency genes (Singhal et al., 2014). T-cell factor-3 

(Tcf3), co-occupies promoters throughout the genome in 

association with the pluripotency regulators Oct4 and Nanog. 

Thus, Tcf3 is an integral component of the core regulatory 

circuitry of ES cells, which includes an autoregulatory loop 

involving the pluripotency regulators. Both Tcf3 depletion 

and Wnt pathway activation cause increased expression of 

Oct4, Nanog, and other pluripotency factors and produce ES 

cells that are refractory to differentiation (Cole et al., 2008).

Also core pluripotency related transcription factor like 

POUV, Sox2 and Nanog participate the ZGA network. Before 

the onset of ZGA, zebrafish Pou5f1 occupies Pou-Sox 

element (Leichsenring et al., 2013). Even more, there are 

direct link between ZGA and pluripotency. Ribosome profiling 

revealed that nanog, sox19b and pou5f1 are the most highly 

translated transcription factors pre-ZGA. Nanog, Pou5f1 and 

SoxB1 regulate zygotic gene activation in zebrafish. Thus, 

maternal Nanog, Pou5f1 and SoxB1 are required to initiate 

the ZGA (Lee et al., 2013).
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4. Recent studies on pluripotency in avian embryos

 4.1. Chicken embryonic stem cells  

Embryonic stem cell culture in chicken slightly later 

than those of mouse. At the point where the manipulation of 

the mouse embryonic stem cell technology has matured, a 

few groups started to establish pluripotent embryonic stem 

cells from the early avian blastoderm (Pain et al., 1996) or 

embryonic germ cells from primordial germ cells (Park et 

al., 2000). To research about avian pluripotent stem cell, 

scientists chose chicken for model of aves. 

In 1996, chicken embryonic stem cells (cESC) were 

successfully maintained in vitro from stage X unincubated 

blastoderm on inactivated STO feeder cells in the presence 

of growth factors and cytokines including bFGF, IGF-1, 

mSCF, IL-6, IL-11, CNTF, SM and LIF (Pain et al., 1996). 

Stage X blastoderms are chosen for the reason that it is the 

earliest and the easiest stage to get without sacrificing hens. 

Also, the successfully produced somatic and germ line 

chimeras using the cells of area pellucida in stage X 

blastoderm facilitate derivation of cESC from this stage 

(Petitte et al., 1990). 

These long-term LIF dependent cells exhibit 

properties similar to mouse ESCs. cESCs have endogenous 
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alkaline phosphatase activity and telomerase activity by 

TRAP assay. In contrast to mESCs and hESCs, cESCs have 

reactivity in both of SSEA-3 (stage specific embryonic 

antigen-3) and SSEA-4 raised against mouse EC cells. Like 

mESCs, cESCs can form embryoid body-like structures and 

differentiate in vitro into cells from three germ layer 

lineages.

Unlike mESCs, cESCs can contribute only to somatic 

cell lineages but not the germline cell lineages (Pain et al., 

1996, Van de Lavoir et al., 2006). Therefore cESCs are 

more similar to mEpiSCs than to mESCs (Brons et al., 2007, 

Lavial and Pain, 2010). In this aspects, blastoderms in stage 

X is more differentiated than mouse ICM where mESCs are 

derived. Whether cESCs are similar to mEpiSCs or not, 

cESCs has been reported to express chick homologues of 

Oct3/4 (cPOUV) and cNanog which are core transcription 

factor in pluripotent cells (Lavial et al., 2007). 

 

4.2. POUV

Oct4 contains a POU-specific domain and a POU 

homeodomain and belongs to POU domain class 5 

transcription factor 1. The existence and functional similarity 

of homologues of Oct3/4 in non-mammalian vertebrates still 

need to be elucidated. 
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In 2001, chicken genome based technique had been 

applied to analyze for find out Oct3/4 which has highly 

conserved sequence in POU family. With primers and probes 

from mouse Oct3/4 gene, PCR and Southern hybridization 

analysis indicated that no homologue of Oct3/4 sequence is 

present in the chicken genome (Soodeen et al., 2001). But 

in 2007, homologues of mammalian Oct3/4 in chicken 

genome was successfully isolated and named chicken POUV 

(cPOUV) demonstrated by comparative analysis and 

phylogenetic tree construction (Lavial et al., 2007). In 

cESCs, cPOUV  is exclusively expressed in undifferentiated 

and proliferating state. The expression of cPOUV is rapidly 

downregulated during differentiation induced by retinoic acid 

or formation of chicken embryoid body. In vivo analysis of 

expression pattern from stage X blastoderm, cPOUV highly 

expressed in epiblast including area pellucida and area opaca 

(Shota et al., 2015). Also, cPOUV is weekly expressed in 

newly formed hypoblast  in a salt and pepper manner. At 

stage XIV, the expression is very strong in the region where 

the streak is forming. During gastrulation, cPOUV expression 

is restricted into mesoderm, neural tissue and migrating and 

proliferating germ cells but not into endodermal cell lineages. 

Finally, in accordance with mammal studies (Hans et al., 

1989, Richard et al., 2007), germ line restricted expression 

of cPOUV is demonstrated by co-localization of CVH and 

cPOUV in the developing gonad both of male and female 

(Lavial et al., 2007). It was also confirmed by cDAZL which 
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is specific genes of chicken (Rengaraj et al., 2010) and 

primordial germ cells (Choi et al., 2010).

Chicken POUV shares common feature with mouse 

Oct3/4 in functional aspect. When cPOUV is overexpressed 

in cESC, cESC start to differentiation with expression of 

endoderm marker such as Gata4 and Gata6 and trophetoderm 

marker Cdx2 (Niwa et al., 2000, Shimozaki et al, 2003). 

Inhibition of expression of cPOUV in cESCs using shRNA 

induction system shows arrest of proliferating and induction 

of differentiation as seen in mouse (Hay et al., 2004, Niwa 

et al., 2000). To study functional conservation, mutual 

exchange of cPOUV into mESC with mOct4 deficient. The 

results show that cPOUV partially rescue the phenotype of 

mESC suggesting that cPOUV has functionally resemble to 

mOct4. 

Altogether, chicken PouV is required for maintenance 

and regulation of pluripotency in chicken as not exclusive to 

mammals. But studies on initiation and acquisition of cPOUV 

still need to be elucidated for comparative study to mammal.

 4.3. Nanog

Nanog expression is important for maintenance of 

pluripotency during embryonic development and in vitro 

culture of embryonic stem cells in mammals. In 2006, 
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Chicken Nanog was firstly identified and located on 

chromosome 1. Sequence closely Nanog named Nanog-like 1 

(Nanogl1) is located at 7kb on the same chromosome 

(Canon et al., 2006). Chicken Nanog is expressed in 

embryonic stem cells and in the pre-streak epiblast cells, 

also in the primordial germ cells of chicken (Canon et al., 

2006, Lavial et al., 2007). Activin/TGF-beta signaling 

pathway via Smad2/3 regulate Nanog expression in epiblast 

cells during gastrulation, not in primordial germ cells at same 

stage (Masahiro et al., 2011). In consistent with mouse 

embryos, endoderm markers such as GATA4 and GATA6 

are upregulated when Nanog is down regulated (Frankenberg 

et al., 2011, Lavial et al., 2007).  

Interestingly, the avian has no tryptophan repeat 

region in Nanog C-terminal domain which confer the ability 

to make Nanog dimer for DNA binding (Mullin et al. 2008). 

But, absence of tryptophan repeat region of chicken Nanog 

does not affect the ability of reprogramming activity 

(Theunissen et al., 2011). 

Recently, polyclonal antibodies that specifically 

recognize cNanog and cPOUV proteins were newly raised. 

Immunohistochemistry with these antibodies revealed that 

epiblast and germ cells are stained by cNanog antibody in 

EGK.X blastoderm. In contrast, cPOUV antibody detected 

both of epiblast and hypoblast at same stage (Nakanoh et al., 

2015). Also, High-mobility group (HMG) and POU binding 

site which firm Oct-Sox element in Nanog promoter region 
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is absent in chicken (Fernandez-Tresguerresa et al., 2010). 

These data indicate that the underlying mechanism of 

pluripotency networks are different from mammals, although 

their function in maintenance of pluripotency are conserved.

4.4. Sox2

Sox2 is particularly essential for embryonic and 

neurectoderm development in vertebrate species. Sox2 is 

also expressed in chicken germ cells (Motono et al., 2008). 

In vivo analysis of Sox2 expression, EGK.X blastoderms 

have very low level of expression and Sox2 expression is 

subsequently upregulated during neurectoderm differentiation 

(Rex et al., 1997). Interestingly, Sox2 is strongly expressed 

in cESCs. Differentiation of cESCs induce down-regulation of 

Sox2 (Lavial et al., 2007). Sox2 gene regulation is 

complicated and enhancers of Sox2 are one of most studied 

of pluripotent genes (Uchikawa et al., 2003). Among the 

elements of enhancer, the SSR2 and the N2 is important for 

pluripotent state.  (Iwafuchi-Doi et al. 2011)

In maintenance of pluripotency, Sox2 expression is 

regulated by POUV and Nanog. Also, Sox2 uses 

auto-regulatory feed back loop with POUV. Sox2 and POUV 

regulate target genes related to pluripotency such as Nanog, 

Fgf4, Fbxo15, Utf1 and Sox2 (Yuan et al., 1995, Nishimoto 
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et al., 1999, Tokuzawa et al., 2003, Tomioka et al., 2002, 

Chew et al., 2005, Okumura et al., 2005). In chicken, only 

Fgf4 and Sox2 have simailar sequence of Oct-Sox element 

to mammals (Fernandez-Tresguerresa et al., 2010). And the 

function of Oct-Sox element in Sox2 promoter has to be 

elucidated. Taken together, these observations indicate that 

SOX2 plays a pivotal role of pluripotency in cES cells.

4.5. ENS-1

During neural induction at the mid-gastrula stage, 

Hensen's node of the embyo instructs ectodermal cells to 

differentiate into nervous lineage. Using early response to 

neural induction (ERNI) gene in chicken as marker of neural 

specification, a group present evidence that neural induction 

begins before gastrulation. Subcellular localization of ERNI 

suggests that ERNI is one of the protein complex which 

move from the cytoplasm to the nucleus (Streit et al., 

2000). After one year, ERNI is specifically expressed in 

undifferentiated pluripotent cells in chicken (Acloque et al., 

2001). The name of ERNI which studied in this group is 

embryonic normal stem cell (ENS). Until now there are 

three different ENS genes, ENS-1, ENS-2 and ENS-3. ENS 

genes decrease during differentiation in culture of cESCs and 

restricted in vivo of early embryo  (Acloque et al., 2001). 

Interestingly, ENS present only in Galliform species.
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 cCP2 is essential for the expression of cENS-1 

(Acloque et al., 2004). The relationship between ENS-1 and 

Sox2 is analyzed in chicken embryo in aspect of neural 

specification. Competitive interactions of ENS-1, BERT and 

Geminin regulate the Sox2 expression (Papanayotou et al., 

2008). Long terminal repeats (LTR) of ENS-1 are source of 

binding sites for several transcription factors which related 

in lineage differentiation. For example, Nanog and Ets bind to 

promoter of ENS-1 and upregulate ENS-1 expression. In 

primitive endoderm, GATA4 substitute Nanog function for 

ENS-1 expression. Taken together, ENS-1 function in 

maintenance of pluripotency and related in lineage separation 

between epiblast and hypoblast (Mey et al., 2012).
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CHAPTER 3 

STUDIES ON CELL SHEDDING DURING 

INTRAUTERINE PERIOD OF CHICK 

EMBRYOS
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1. Introduction

Avian models have value as ex vivo-model systems 

for both developmental and application study, enabling 

monitoring of organogenesis and lineage differentiation. 

Nevertheless, most of studies in chick early blastoderm have 

taken using the embryos after ovipostion because of the 

practical difficulties to harvest the embryos before 

ovipostion. Furthermore, avian embryos undergo discoidal 

meroblastic cleavage within a large amount of yolk which 

hampers monitoring early embryo study. Some of the most 

critical events occur during the first day of chick 

development. In this study, we harvest the blastoderms 

which formed before oviposition using non-surgical 

intrauterine egg collection by abdominal massage 

(Eyal-Giladi and Kochav, 1976). 

Unlike mammals, polyspermic penetration is 

physiologically occurred and supernumerary sperm nuclei are 

existed in the intrauterine blastoderm in aves (Lee et al., 

2015). Also, chicken embryo has fast rates of cell division 

and cell layer increase and reduction with novel phenomenon 

of shedding phenomenon. But detailed observation and 

analysis of cell layer increase, reduction and shedding during 

intrauterine stage of chick blastoderm has been poorly 

reported to date. In this study, we investigate development 

feature of chick blastoderm with non-invasive egg retrieval 

technique.
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2. Materials and methods

Experimental animals

White Leghorn (WL) hens (54-56 weeks old) were 

used for the collection of intrauterine eggs. We managed 

chickens according to our standard operation protocol. 

Relevant experimental procedures for the study were 

approved by the Institutional Animal Care and Use 

Committee, Seoul National University before undertaking 

experiments (SNU-070823-5).

Collection of intrauterine eggs and oocytes from hens

Intrauterine eggs retrieved from WL hens were 

harvested by an abdominal massage technique slightly 

modified from Eyal-Giladi and Kochav (Eyal and Kochav, 

1976). Briefly, the abdomen of hens was pushed gently until 

exposure of the shell gland, and the surface of the shell 

gland expanded when an egg was located there for eggshell 

formation. After expansion of the surface of the shell gland, 

massage was used to move the egg gently toward the cloaca 

until the intrauterine egg was released. To collect oocytes, 

WL hens were sacrificed and the follicles were detached 

from the ovaries.
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Collection of intrauterine chick blastoderm from eggs

Intrauterine embryos were separated from the egg 

using sterilized paper (Chapman et al., 2001) and the shell 

membrane and albumen were detached from the yolk. A 

piece of square-type filter paper (Whatman, Maidstone, 

Kent, UK) with the hole at the center was placed over the 

germinal disc. After cutting around the paper containing the 

intrauterine embryo, it was gently turned over and 

transferred to saline buffer to further remove the yolk and 

the vitelline membrane for embryo collection (Pannett and 

Compton, 1924). Collected embryos were fixed with 4% 

(w/v) paraformaldehyde in 1x phosphate-buffered saline 

(PBS) and the fixed embryos were classified according to 

the cleavage stages proposed by Eyal-Giladi and Kochav 

(Eyal and Kochav, 1976). Unfertilized and abnormal embryos 

were identified by the morphological criteria of blastoderms.

Phalloidin and DAPI staining of intrauterine embryos 

After fixation with 4% paraformaldehyde, the 

intrauterine embryos were washed in PBS three times and 

incubated in 0.1% (v/v) Triton X-100 in PBS (PBST). The 

fixed embryos were incubated with Alexa Fluor 488 

phalloidin (A12379; Invitrogen, Carlsbad, CA, USA) diluted 
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1:40 in PBST overnight at room temperature. After overnight 

incubation, the embryos were washed three times in PBS. 

The stained embryos were observed under a fluorescence 

microscope (Ti-U; Nikon Corporation). In addition, the 

intrauterine embryos were embedded with paraffin and 

sectioned (10μm) using a microtome and after being 

mounted with Prolong Gold antifade reagent with DAPI, the 

embryonic nuclei were evaluated under a fluorescence 

microscope.

TUNEL assay 

Three EGK.VIII blastoderm were dissociated and 

washed with PBS. After three times of washing, blastodermal 

cells were concentrated on glass slides. Cells were dried 

thoroughly at 37℃. Fixation in a 4% paraformaldehyde for 

10min, the cells were incubated in a permeabilization solution 

(0.1% Triton X-100 in PBS). Apoptotic cells were identified 

using an In Situ Cell Death Detection Kit, TMR red (Roche 

Applied Science, Basel, Switzerland) that stains apoptotic 

cells in red. Cells were counterstained with DAPI, mounted 

and analyzed under a fluorescence microscope.
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Ex utero culture of intrauterine embryos

EGK.VI blastoderms are cultured ex ovo for 3h 

(EGK.VII) or 7h (EGK.VIII) with upside down. After 

sampling EGK.VI blastoderms, yolk is transferred to 

specimen cup with thick albumen of EGK.X blastoderms. 

Thick albumen is adjusted into pH 7.5 and incubate at 41.

5℃. Predicted blastoderms of EGK.VII and EGK.VIII stage 

are harvested from yolk. Then, section with microtome and 

imaging with microscopy.
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3. RESULTS

Harvesting of intrauterine eggs

Oocytes and blastoderms are harvested and classified 

according H. Eyal-Giladi and S. Kochav's criteria. For 

nuclear and F-actin staining of blastoderms, we used DAPI 

and phalloidin conjugated with Alexa Fluor 488 fluorescence 

dye. Oocytes have relatively strong green signals with same 

intensity of intrauterine blastoderms (Figure 1). This is 

because of granulosa cells over the oocyte (Figure 2). For 

detailed investigating of oocytes which matured closely to 

ovulation stage, we collected and analyzed with large yellow 

follicles. Almost all the oocytes have germinal vesicle (GV) 

in the center. But we cannot find the condensed DNA using 

DAPI. DAPI positive signals in oocytes indicate the nucleus 

of granulosa cells which surround the oocyte. Granulosa cells 

have relatively high nucleus/cell dimeter ratio than normal 

cells. And granulosa cells directly cover the GV of the 

oocytes (Figure 2). EGK.I blastoderms show large open cells 

with some cleavage. As the blastoderms undergo 

development, the size of cells are gradually decreased and 

number of cells in uppermost layer are gradually increased. 

Also, the central cells of uppermost layer show relatively 

small size rather than those of outer cells, which indicate 

that the division rate is more faster in the central cells than 
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outer cells (Figure 1). These difference of cell size is 

shown until EGK.X blastoderms.

Cell layer increase, reduction and cell shedding during 

intrauterine blastoderms.

During intrauterine development period, chick 

blastoderms undergo dynamic changes of cell layers. Before 

EGK.II, almost all cells have divided in horizontal direction. 

Actually, this division is different from division of normal 

cells so chick early blastodisc cell division is called as 

cleavage with cleavage furrow. In contrast to mammal in 

which zygote make two relatively same size of daughter 

cells, the early cleavage of chick blastoderms occur at 

excentric position by nucleus with U/V-shaped and 

pendulum-shaped furrows (Figure 3A, black and red arrows, 

respectively). cleavage furrows penetrate into the cytoplasm 

of disc but cytoplasm is still continuous. 

Cell layer increase is started from late EGK.II with 

some places called subgerminal cavity. subgerminal cavity 

expand horizontally under the central cells of blastodisc 

(Figure 3B). In this stage cell division is occurred both of 

horizontal and vertical direction. Vertically divided nucleus 

indicate that cell layer increase is started from this stage. 

Cell layer increase is continued until EGK.VI in which 



40

maximum cell layers (about five or six layers) are formed. 

The cell layer increase proceeded with helping of cells of all 

layer. We investigate division of cells in all layer and find no 

specific rule of direction in cell division. And all the cells of 

upper, middle and lower layer are involved to increase the 

cell layers of chick blastoderm (Figure 3C). 

After EGK.VI, layer decrease is started until EGK.X. 

During this period, total cell number of blastoderm is 

gradually increased except from EGK.IX to X. But, except 

the upper most layer, cell number of all layers are 

dramatically reduced (Kochav et al., 1980). So the cell layer 

decrease is reasoned by cell shedding. Shedding cells have 

large cytoplasm and nucleus than cells of upper layer which 

seem to remain until EGK.X (Figure 3D, white arrow). After 

completion of area pellucida formation, almost all cells in 

upper most cell layer (epiblast) have similar size in nucleus 

and cytoplasm. And newly formed cell layer under epiblast 

(hypoblast) is seen (Figure 3E, blue and red arrows, 

respectively). In figure 3E, white arrow indicates that 

shedded cell during area pellucida formation which still has 

nucleus. And yellow arrow indicates fusion cell with white 

yolk under subgerminal cavity (Figure 3E).
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Characterization of shedding cells

Firstly, to answer the mechanism of cell shedding, we 

hypothesized that gravity is one of reason for shedding. 

Indeed, shedded cells are relatively larger than remained 

cells. So we collected EGK.VI blastoderm according to time 

after oviposition. After collecting, we incubate at specific 

condition which similar to uterus of hens for 3h (EGK.VII) 

and 7h (EGK.VIII). And we reversely put the blastoderm by 

yellow yolk (Figure 4A). After 3hrs and 7hrs of incubation, 

blastoderms have some shedding cells in lowermost cell 

layer. This indicate that gravity has no impact on the 

shedding phenomenon of chick blastoderm.

Next, because only small population in all shedding 

cells show DAPI positive signals (Figure 3D), we 

hypothesized that dead cells which have no functions in 

further development will shedded out from blastoderm before 

formation of hypoblast. We conduct TUNEL assay with 

EGK.VIII blastoderms to detect programmed cell death 

(apopotosis). In accordance with cell size, we can distinguish 

between remained cells and shedding cells. But no TMR red 

positive signal is detected in both cells of EGK.VIII 

blastoderm (Figure 5). Together, the results indicate that 

gravity and apoptosis have no impact on cell shedding 

mechanism during area pellucida formation period.  
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Figure 1. Phalloidin staining of intrauterine stage of chick blastoderms. Oocytes and blastoderms 

are harvested and classified according H. Eyal-Giladi and S. Kochav's criteria. Large yellow 

follicles are used for collecting the oocytes. Fluorescently labeled phalloidin is used for detection 

of F-actin in each blastoderm. Additional small panel of EGK.VIII and EGK.X are for large scale 

of blastoderm.
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Figure 2. The structure of oocyte in chicken ovarian follicle. 

Oocyte collected from large and yellow follicles is sectioned 

to study for structure. GV is located in the center of oocyte. 

DAPI positive signal indicate the nucleus of granulosa cells 

which surround the oocyte. Phalloidin staining shows cell 

membrane of granulosa cells.  Granulosa cells have high 

nucleus/cell dimeter ratio than normal cells. GV; germinal 

vesicle, Scale bar : 100um
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Figure 3. Cell layer increase and reduction of chick early blastoderms. (A) Paraffin embedded 

EGK.I blastoderm is sectioned and stained with DAPI for nulcear. Cleavage furrows are seen at 

excentric position by nucleus. U/V-shaped cleavage furrows are indicated by black arrows and 

pendulum-shaped furrows is indicated by red arrow. Scale bar, 100μm. (B) Section of EGK.II 

blastoderm and direction of cell division. Subgerminal cavity is gradually formed between cells and 
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yolk. White arrows indicate that cell division is occurred both of horizontal and vertical direction. 

Scale bar, 100μm (C) EGK.VI blastoderm is sectioned in central region of blastoderm. The fully 

closed cells have nucleus which relatively located in the center of them. At its center the five or 

six cell layers are formed. All the upper most (a), middle (b) and lower layer (c) cells are 

involved to make layer increase in this stage with horizontal and vertical direction. Scale bar, 100

μm. (D) Cell shedding of EGK.VIII blastoderm. White arrows indicate that shedding cells which 

have large cytoplasm and nucleus than cells of upper layer. Scale bar, 100μm. (E) EGK.X 

blastoderm has epiblast (blue arrow) and hypoblast (red arrow). White arrow indicates that 

shedded cell during area pellucida formation. Yellow arrow indicates fusion cell with white yolk of 

blastoderm. Scale bar,100μm.
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Figure 4. TUNEL assay of EGK.VIII blastodermal cells. 

EGK.VIII blastoderms are dissociated and analyzed by 

TUNEL assay. Shedding cells are relatively larger in nucleus 

and cytoplasm than non-shedding cells. DAPI staining for 

identifying nucleus and DNase I for DNA breaking. Shedding 

and non-shedding cells show TMR red negative. Positive 

control has TMR red positive but not in negative.   
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Figure 5. Effect of gravity on shedding. (A) Scheme of 

experiment of ex utero culture during cell shedding period. 

(B) EGK.VI blastoderm has multi-cell layers. After 3h and 

7h incubation, shedded cell are identified with large yolk 

containg cells.
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4. Discussion

Mammals of vertebrates are isolecithal egg. Their egg 

yolk is evenly distributed. Minimized hampering of yolk, 

mammalian eggs undergo equal and rotationally holoblastic 

cleavage. The division of the cells before gastrulation are 

slower than aves. It takes 12~24h per one cell division and 

zygotic genome activation is occurred earlier than aves.

 Chick oocyte is fertilized in the infundibulum after 

30 minute of ovulation. Chick ovum is telolecithal egg and 

have large amount of yolk. The blastodisc is located on 

animal pole. Because of large yolk, they undergo meroblastic 

cleavage especially discoidal cleavage only in animal pole. 

From fertilization to egg-laying takes around 25h. It means 

that the cell division before gastrulation takes 25h to reach 

50,000~60,000 cells (Figure 1). Chick embryo shows quite 

different developmental feature such as meroblastoic 

cleavage, cellularization, zygotic genome activation, layer 

increase and reduction (Sheng, 2014). In Xenopus, like 

chicken, their yolk is biased in the eggs same as aves 

(telolecithal egg). But, they have little amount of yolk so 

undergo holoblastic cleavage. Also, It needs only 43h to 

reach 37,000 cells.

Before the ovulation, chicken oocyte consist of 

cytoplasm, GV and granulosa cells. When we stained oocyte 

with phallidin conjugated with Alexa Fluor 488 fluorescence 
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dye, we can detect granulosa cells on the oocyte (Figure 2). 

Chicken GV is opened and granulosa cells directly cover the 

GV. Granulosa cells have relatively high nucleus/cell dimeter 

ratio than normal cells. Also, granulosa cells show highly 

ordered configuration (Figure 2). 

Early cleavage of EGK.I is occurred asymmetric 

manners in location by nuclei and dorsal view (Figure 3A). 

From EGK.II, blastodermal cells are divided in vertical and 

horizontal direction by which cell layer is increased during 

EGK.VI (Figure 3B). EGK.VI blastoderm which is the last 

stage of cleavage period has 6~7 cell layers. To figure out 

the contribution of cell division to cell layer increase, we 

searched the direction of cell division in several cell layers. 

All the upper, middle and lower layer cells are divided both 

of horizontal and vertical manner (Figure 3C). 

Chicken blastoderms undergo the area pellucida 

formation events in which cell shedding is occurred (Figure 

3D). Cell shedding is a novel phenomenon of chicken early 

development. It is important because direction of cell 

shedding is related in axis formation of blastoderm. Before 

the shedding of cells, the polarity of the head-to-tail axis in 

the chick embryo is determined by the force of gravity 

(Kochav & Eyal-Giladi, 1971). After determining the axis, 

the cell shedding is occurred from future posterior to future 

anterior direction. The biological meaning and mechanism of 

cell shedding is still remained to be elucidated. 
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Firstly, we hypothesized that shedded cells have no 

contribution to develop the embryos. But, TUNEL assay 

indicated that the cause of shedding is not related in 

apoptosis (Figure 4). 

second, we hypothesize that the gravity is involved in 

shedding mechanism. To analyze this hypothesis, we cultured 

EGK.VI blastoderms which has six to seven cell layers until 

the times of EGK.VII to EGK.VIII (Figure 5A). We could find 

some cells which shedded out from ventral side of 

blastoderm (Figure 5B). These results demonstrate that the 

gravity has minor impact on shedding mechanism. And it 

seems that the cell shedding is conative phenomenon.

Indeed, The process of cell shedding during the 

formation of the area pellucida is investigated by SEM 

analysis. In this study, the mechanism of cell shedding 

seems to be conative movement (Fabian and Eyal-Giladi, 

1981). We can observe some shedding cells have nucleus on 

the white yolk layer (Figure 3E, white arrow). But, most 

cells have gradually lose their nulceus during shedding 

(Figure 3D, 3E). We can also observe some cells which are 

buried after shedding (Figure 3E, yellow arrow). 

 These cells differ from the cells in yolk syncytial 

layer. In the future, the fate of shedding cells have to be 

analysed and the novel shedding mechanism of chick will 

valuable information for evo-devo.  
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CHAPTER 4 

Acquisition of Pluripotency in Early 

Developmental Stage of Chick Blastoderm
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1. Introduction

Pluripotency refers a stem cell that can differentiate 

into any of the three germ layers; endoderm (gastrointestianl 

tract and lung), mesoderm (muscle, blood and bone) and 

ectoderm (nervous system and epidermal tissues). In mouse, 

Pluripotency emerges in the mammalian epiblast during 

preimplantation blastocyst development. At the morula stage, 

the embryo undergoes compaction. Outer cells of morula are 

differentiated into the trophectoderm lineage. Inner cells 

become the inner cell mass (ICM) and subsequently 

differentiated into pluripotent epiblast and extraembryonic 

primitive endoderm (PrE). In mouse, preimplantation epiblast 

state can be maintained in vitro as embryonic stem cells 

(ESCs) (Evans and Kaufman, 1981; Martin, 1981) and 

proliferated indefinitely in defined media (Buehr et al., 2008; 

Li et al., 2008; Ying et al., 2008). The ability to generate all 

somatic tissues and the germline is termed “naive” 

pluripotency. This unrestricted state of pluripotency differs 

from other pluripotent states in gene expression, signaling 

and epigenetic state. (Brons et al., 2007; Leitch et al., 2013; 

Marks et al., 2012; Nichols and Smith, 2009; Tesar et al., 

2007). Human embryonic stem cells (hESCs) were cultured 

in late 1990s from human blastocyst (Thomson et al., 1998). 

In avian species, Spratt and Haas group demonstrated 

pluripotent nature of the blastodermal cells. By dividing a 
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blastoderm in four equal parts, each of them could develop a 

normal embryo (Spratt and Haas, 1961). Furthermore, 

blastodermal cells could be injected and participated into a 

developing recipient embryo, properly (Marzullo, 1970). 

After about two decades, Some group tried obtaining 

chimeras by dissociating the blastodermal cells. This group 

could obtain live chimeras from EGK.X blastodermal cells 

both somatic and germline chimeras (Carsience et al., 1993). 

Finally chicken embryonic stem cells (cESCs) have been 

isolated from the in vitro culture of early chicken 

blastodermal cells (cBCs) taken from stage X embryo 

(EG&K) (Pain et al., 1996). 

Embryonic pluripotency in the mouse is established 

and maintained by a gene-regulatory network under the 

control of a core set of transcription factors that include 

octamer-binding protein 4 (Oct4; official name POU domain, 

class 5, transcription factor 1, Pou5f1), sex-determining 

region Y (SRY)-box containing gene 2 (Sox2), and 

homeobox protein Nanog. Despite pluripotency network is 

conserved in mammals, little information is available and 

studied regarding its evolutionary conservation in other 

vertebrates.

In avian species, almost all studied have conducted 

with blastoderms after oviposition and there are no reports 

of acquisition and establishment of pluripotency during 

intrauterine stage. Thus, to compare and analyze the 



54

acquisition of pluripotency between mammals and aves, we 

select chicken as a model of aves. And we investigated 

expression profiles of pluripotency related genes. 
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2. Materials and Methods

Alignment of protein sequence

POUV amino acid sequence of various species 

(human, pig, bovine, mouse, chicken and zebrafish) were 

aligned by Geneious version 6.0 (Geneious version 6.0 

created by Biomatters. Available from 

http://www.geneious.com). The sequence information of each 

species were derived from GenBank of the National Center 

for Biotechnology Information (Table 1). All the protein 

sequences were alined by Blosum62 matrix, 12 of gap open 

penalty and 3 of gap extension penalty. 

Nanog amino acid sequences of various species 

(human, chimpanzee, monkey, pig, bovine, elephant, mouse, 

chicken, duck and zebrafish) were aligned by same methods 

of POUV. The protein sequences were derived from 

GenBank of the NCBI (Table 1). Protein sequence similarity 

of POUV and Nanog were analyzed by matrix of percentage 

identity (percentage of residues which are identical) with 

heatmap and numbers.
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Protein domain analysis

Nanog homeodomain of mouse and chicken were 

analyzed using PHYRE2 (Protein Homology/analogY 

Recognition Engine V 2.0) with normal modelling method, 

finding homologues with PSI-Blast and building hidden 

Markov model of sequence. And secondary stuructures and 

DNA binding amino acids are predicted. In case of mouse, 

mouse Nanog homeodomain structure likes solution structure 

of human stem cell transcription factor nanog2 homeodomain 

fragment with 99.9% confidence by the single highest 

scoring template. Chicken Nanog homeodomain is similar to 

solution structure of the homeobox domain of homeobox2 

protein barh like 1 with 99.8% confidence by the single 

highest scoring template.  

Experimental animals

White Leghorn (WL) hens (54-56 weeks old) were 

used for the collection of intrauterine eggs. We managed 

chickens according to our standard operation protocol. 

Relevant experimental procedures for the study were 

approved by the Institutional Animal Care and Use 

Committee, Seoul National University before undertaking 

experiments (SNU-070823-5).
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Collection of intrauterine eggs and oocytes from hens

Intrauterine eggs retrieved from WL hens were 

harvested by an abdominal massage technique slightly 

modified from Eyal-Giladi and Kochav (Eyal and Kochav, 

1976). Briefly, the abdomen of hens was pushed gently until 

exposure of the shell gland, and the surface of the shell 

gland expanded when an egg was located there for eggshell 

formation. After expansion of the surface of the shell gland, 

massage was used to move the egg gently toward the cloaca 

until the intrauterine egg was released. To collect oocytes, 

WL hens were sacrificed and the follicles were detached 

from the ovaries.

Collection of intrauterine chick blastoderm from eggs

Intrauterine embryos were separated from the egg 

using sterilized paper (Chapman et al., 2001) and the shell 

membrane and albumen were detached from the yolk. A 

piece of square-type filter paper (Whatman, Maidstone, 

Kent, UK) with the hole at the center was placed over the 

germinal disc. After cutting around the paper containing the 

intrauterine embryo, it was gently turned over and 

transferred to saline buffer to further remove the yolk and 

the vitelline membrane for embryo collection (Pannett and 
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Compton, 1924). Collected embryos were fixed with 4% 

(w/v) paraformaldehyde in 1x phosphate-buffered saline 

(PBS) and the fixed embryos were classified according to 

the cleavage stages proposed by Eyal-Giladi and Kochav 

(Eyal and Kochav, 1976). Unfertilized and abnormal embryos 

were identified by the morphological criteria of blastoderms.

RT-PCR 

Three to four blastoderms were collected each stage 

of blstoderms. Total RNA was extracted using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer's protocol. About 1μg of total RNA was 

reverse-transcribed with the Superscript III First-strand 

Synthesis System (Invitrogen) according to the 

manufacturer's protocol. The PCR reaction mixture contained 

2μl of PCR buffer, 0.5μl of 10mM dNTP mixture, 10pmoles 

each of forward and reverse primers (Table 2 and Table 4), 

1μl of cDNA and 1U of Taq DNA polymerase in a 20μl 

final volume. PCR was performed with initial incubation at 9

5℃ for 10min, followed by 30 cycles at 95℃ for 30sec, 6

0℃ for 30sec and 72℃ for 30sec. PCR was terminated by a 

final incubation at 72℃ for 5min.
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Quantitative real-time PCR

To examine the expression pattern of cPOUV, 

cNANOG, cSOX2 and ENS-1 during intrauterine stage of 

chick, qRT-PCR was performed in an CFX96 Real-Time 

PCR Detection System (Bio-Rad Laboratories). The PCR 

reaction mixture contained 2μl of PCR buffer, 0.5μl of 

10mM dNTP mixture, 10pmoles each of forward and reverse 

primers (Table 3), 1μl of cDNA, 1μl of EvaGreen (Biotium 

Inc., Hayward, CA, USA) and 1U of Taq DNA polymerase in 

a 20μl final volume. PCR was performed with initial 

incubation at 95℃ for 10min, followed by 40 cycles at 95℃ 

for 30sec, 60℃ for 30sec and 72℃ for 30sec. PCR was 

terminated by a final incubation at the dissociation 

temperature. Gene expression levels were measured using 

Quantification of relative gene expression was calculated 

using the following formula: 2-ΔΔCt, where ΔΔCt = (Ct of 

the target gene - Ct of GAPDH)stage -(Ct of the target 

gene - Ct of GAPDH)control.

 

Wholemount in situ hybridization

          To make hybridization probes, total RNA from each 

stage of blastoderms was reverse transcribed, and the cDNA 

was amplified using primers (Table 2). The PCR products of 
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the correct size were cloned into pGEM-T (Promega). After 

sequence verification, the recombinant plasmids containing 

the gene was amplified with T7- and SP6-specific primers 

(T7: 5’-TGTAATACGACTCACTATAGGG-3’ and SP6: 

5’-CTATTTAGGTGACACTATAGAAT-3’) to prepare the 

template for labeling of the hybridization probes.Digoxigenin 

(DIG)-labeled sense and antisense hybridization probe of 

each genes were transcribed in vitro using a DIG RNA 

labeling kit (Roche Diagnostics, Indianapolis, IN, USA). For 

wholemount in situ hybridization, the standard published 

protocol in chicken was followed (Stern, 1998). In addition, 

the intrauterine embryos were embedded with paraffin and 

sectioned (10μm) using a microtome and after being 

mounted with Prolong Gold antifade reagent with DAPI, the 

embryonic nuclei were evaluated under a fluorescence 

microscope.
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3. Results

cPOU specific domain and homeodomain are highly conserved 

during evolution.

To identify the evolutional conservation of cPOUV 

considered as core transcription factor of pluripotency 

regulatory network, we selected human, pig, bovine and 

mouse for mammals. And zebrafish is selected for species 

has more distance homologue in evolution. Human, pig, 

bovine, mouse, chicken and zebrafish amino acid sequences 

are retrived from NCBI (Table 1). The sequences are 

aligned using Geneous program. All the POUV protein have 

POUV domain consisted of POU specific domain and POU 

homeodomain between N-terminal and C-terminal domain 

(Figure 1A). By comparing with human, pig, bovine and 

mouse which belong to mammal show 93.1%, 90.8% and 

84.2% amino acid similarity in POUV, respectively. But, in 

case of chicken which belong to aves show 39.5% similarity. 

In zebrafish which belong to teleostei show 34.6% similarity 

similar to chicken (Figure 1B). Next, to identify the 

conservation of POU specific domain and homeodomain, we 

aligned all the POU specific domain and homeodomain 

sequences of the species which selected for this study. 

According to whole amino acid sequence of POUV, POU 

specific domain and homeodomain show similar pattern of 
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amino acid similarity. But, between human and chicken, there 

are 73.3% POU specific domain and 61.0% POU 

homeodomain similarity, respectively. Zebrafish has also 

similar similarity against human like chicken (Figure 1C and 

1D). In sum these results demonstrate that evolution of 

POUV gene undergo similar way to segregation of species 

and POU specific domain and POU homeodomain are highly 

conserved during evolution. 

cNanog homeodomain is highly conserved during evolution 

but not in C-terminal domain.

To identify the conservation of cNanog during 

evolution, we selected human, chimpanzee, monkey, pig, 

bovine, elephant, mouse, chicken, duck and zebrafish. human, 

chimpanzee, monkey, pig, bovine, elephant and mouse are 

selected for mammals. And duck is selected for aves like 

chicken. Zebrafish is selected for species has far distance in 

evolution. All the protein sequences are retrived from NCBI 

(Table 1.) The sequences are aligned by Geneous program. 

All the Nanog protein have Nanog homeodomain between 

N-terminal and C-terminal domain. But mammals exclusively 

have prominent feature of the C-terminal domain in which 

10 pentapeptide repeats starting with a tryptophan (Figure 

2A). By comparing with human, anthropoid such as 

chimpanzee (98.4%) and monkey (94.4%) have high 
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similarity in whole protein sequence. And other mammals 

also show high similarity but less than anthropoid in pig 

(73.3%), bovine (69.4%), elephant (59.2%) and mouse 

(55.9%) order. In case of aves such as chicken and duck 

show low similarity ,27.4% and 26.3% respectively, against 

human Nanog protein sequence. Zebrafish (20.5%) has the 

lowest similarity among the species which we used in this 

study (Figure 2B). Next, to identify the conservation of 

Nanog homeodomain, we aligned all the Nanog homeodomain 

sequences of the species which selected for this study. 

According to whole amino acid sequence of Nanog, Nanog 

homeodomain show similar pattern of amino acid similarity 

except elephant and mouse. But, between human and aves, 

there are 65% chicken and 61.7% duck similarity in Nanog 

homeodomain, respectively. Zebrafish has also similar 

similarity against human like aves (Figure 2C). These results 

indicate that evolution of Nanog gene undergo similar way to 

segregation of species and Nanog homeodomain is highly 

conserved during evolution. According to conservation of 

Nanog homeodomain, we can assume that there are some 

functional similarity in Nanog among the species. 

Chicken and mouse have similar secondary structure and 

DNA binding sites in Nanog homeodomain.

To estimate whether mammal and aves have 
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functional conservation in Nanog, we compare the secondary 

structure and DNA binding sites using mouse and chicken 

Nanog homeodomain. Phyre2 web program is used for 

expectation of secondary structure and DNA binding sites. 

As results, mouse and chicken Nanog homeodomain (96-156 

amino acid) is consisted of three alpha helix structures with 

two gaps (Figure 3). And there are 16 amino acids which 

are participated in DNA binding and 1 amino acid which has 

specific DNA base contacts, red and blue dots, respectively. 

But in case of chicken, there is one additional amino acid 

between first and second alpha helix (Figure 3).  Taken 

together, these data suggest that mouse and chicken Nanog 

homeodomain are highly conserved not only secondary 

structure but also specific DNA binding sites. 

Expression dynamics of pluripotency related gene during 

intrauterine development in chick blastoderms

To investigate the acquisition of pluripotency in chick 

early blastoderms, we conducted RT-PCR with each 

blastoderms of intrauterine stage (Figure 4A). We selected 

core transcription factor of pluripotency network as cPOUV, 

cNANOG and cSOX2, also included ENS-1 for novel chicken 

embryonic stem cell marker. Chicken POUV (cPOUV) is 

weakly expressed from EGK.V and strongly expressed from 

EGK.VIII. Chicken NANOG (cNANOG) is expressed in all 
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stages of intrauterine periods. Interestingly, we couldn’t 

detect cSOX2 expression in these periods even in EGK.X 

from which cESCs are derived. ENS-1 is strongly expressed 

from EGK.V similar stage of cPOUV (Figure 4A).

To check expression dynamics of pluripotency related 

genes, we conducted qRT-PCR with cPOUV, cNANOG and 

ENS-1. We couln’t find any expression in cSOX2. cPOUV 

is strongly expressed from EGK.VIII (Figure 4B). cNANOG 

is weakly expressed from oocyte to EGK.IV and start to 

express stronly from EGK.VIII (Figure 4C). ENS-1 is 

strongly expressed from EGK.VIII (Figure 4D). As 

expectation, EGK.X stage blastoderms have all pluripotency 

markers except cSOX2. But these genes also start to 

express between EGK.V and VI. Together, in contrast to 

mammals, cNANOG is maternally inherited but not in cPOUV 

and cSOX2. And from EGK.V to VI, core transcription 

factors of pluripotency exist until EGK.X in which 

pluripotency is fully established.

Localization of cPOUV and cNANOG transcripts during 

intrauterine development in chick blastoderms

To identify the exact local of pluripotency 

transcription factors, we performed in situ hybridization with 

cPOUV and cNANOG probes (Figure 5 and 7). cPOUV 
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positive signals are strongly detected from EGK.VII (Figure 

5G and 5G') from which area pellucida formation is occurred. 

Interestingly, cPOUV is exclusively expessed in upper and 

remained cells and no cPOUV trancripts is detected in 

shedding cells (Figure 5G', 5H' and 5I'). Around finishing the 

formation of area pellucida, almost all cells express cPOUV 

transcripts in EGK.IX blastoderm (Figure 5I'). When embryo 

reach EGK.X where hypoblast exists, some hypoblast cells 

express cPOUV as salt and pepper manner (Figure 5J').

cNANOG expression pattern is quite similar to that of 

cPOUV, but cNANOG expression is detected from EGK.IV 

(Figure 7D and 7D'). cNANOG expression start as salt and 

pepper manner in EGK.IV and is uniformly distributed during 

area pellucida formation. Interestingly, cNANOG is also 

exclusively expessed in upper and remained cells and no 

cPOUV trancripts is detected in shedding cells (Figure 7G', 

7H' and 7I'). When the blastoderm reach in EGK.X, there is 

relatively small population of cells to express cNANOG in 

hypoblast. There are some discrepancy between RT-PCR 

and in situ data in EGK.I, II and III (Figure 4A, 7A, 7B and 

7C). We couldn't detect any signals in these stages because 

of low levels of expression. In case of EGK.II (Figure 7C) 

there is some background in wholemount in situ, but when 

we sectioned the blastoderm we couldn't find cNANOG 

expression (Figure 7C'). 
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Exclusive expression of pluripotent genes and cell shedding

During area pellucida formation stage, cPOUV show 

exclusive expression. So we mounted DAPI on sections of in 

situ hybridization of EGK.VIII (Figure 5C and 5D). In 

EGK.VIII, there is expression in area pellucida but not in 

area opaca. And in area pellucida, shedding cells which are 

relatively large in necleus and cytoplasm have no cPOUV 

expression (Figure 6C). Shedding cells have no cPOUV 

expression (white arrow). The cells attached to upper layer 

cells and will be shedded in area pellucida also have no 

cPOUV trasncripts (black arrow).  

cNANOG is also exclusively expressed during area 

pellucida formation stage. And cNANOG is expressed earlier 

than cPOUV. To trace the shedding cells by pluripotency 

marker, cNANOG, we sectioned EGK.VII and EGK.VIII 

blastoderms after in situ hybridization (Figure 8A and 8B). 

Large and yolky cells are embedded in EGK.VII and have 

nucleus. We assume that the relatively large cells will be 

shedded during area pellucida formation stage. That is the 

reason of salt and pepper expression of cNANOG in cleavage 

stage (Figure 8).
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Expression of genes related in pluripotency

RT-PCR was conducted to investigate other 

pluripotent genes which related in pluripotency network with 

EGK.III, VI and VIII blastoderms. Chicken homology of 

mouse ICM marker (Tbx3, Dax1, Nr5a2, Prdm14, Esrrb, 

Klf2, Klf4 and Klf5), epiblast marker (Otx2 and Dnmt3b), 

Nanog regulator (Esrrb, Klf4, Zic3, Tbx3, Tcf3 and Tpt1), 

interactors of Nanog (Sall4, Dax1 and Tet2) and Oct4 

regulator (Brg1) are used for RT-PCR.

Except Esrrb, Dax1 and Klf4, many of ICM marker 

are expressed in EGK.VI and X. But only Nanog and Klf2 

are expressed in EGK.III. In contrast with mouse, Dnmt3b is 

expressed from EGK.III, quite earlier than mouse. In aspect 

of Nanog activator, Esrrb and Klf4 seem to be have no 

effect on Nanog expression. Because of absence of Esrrb 

and Klf4 transcript. Zic3 and Tcf3 are good candidates of 

Nanog upstream activator and repressor, respectively. 

Interestingly, Tbx3 is expressed from EGK.VI, not from 

similar stage of Nanog expression, then Tbx3 may do not 

function as the initiator of Nanog transcription. Tpt1 is also 

strong candidate of Nanog activator. Methylation of early 

embryonic development seems to different what occurs in 

mouse because of relatively early expression of Dnmt3a and 

Dnmt3b. Future study have to focus on their interaction in 

protein level to describe detailed pluripotency network.



69

(A)

(B)

(C)

(D)

Figure 1. Sequence analysis of POUV protein. (A) Alignment 
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of Oct4 (POUV) protein sequence with human, pig, bovine, 

mouse, chicken and zebrafish using BLOSUM62 matrix 

scoring. The two red bars under the aligned sequence 

between the N-terminal domain and C-terminal domain of 

POUV indicate POU specific domain and POU homeodomain, 

respectively. (B) Sequence similarity of full length of POUV 

protein among species. The matix shows percentage of 

residues which are identical with heatmap and numbers. (C) 

Sequence similarity of POU specific domain of POUV protein 

among species. (D) Sequence similarity of POU 

homeodomain of POUV protein among species.
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(A)

(B)

(C)

Figure 2. Sequence analysis of Nanog protein. (A) Alignment 

of Nanog protein sequence with human, chimpanzee, monkey, 

pig, bovine, elephant, mouse, chicken, duck and zebrafish 

using BLOSUM62 matrix scoring. The red bar under the 

aligned sequence between the N-terminal domain and 

C-terminal domain of Nanog indicates homeodomain. The 
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yellow bar shows tryptophan repeat (WR) domain within 

C-terminal domain. (B) Sequence similarity of full length of 

Nanog protein among species. The matix shows percentage 

of residues which are identical with heatmap and numbers. 

(C) Sequence similarity of homeodomain of Nanog protein 

among species.
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Figure 3. Secondary structure and expectation of DNA 

binding sites of homeodomain in mouse and chicken Nanog 

protein. Mouse and Chicken Nanog homeodomain are 

analyzed by PHYRE2 (Protein Homology/analogY Recognition 

Engine V 2.0). The numbers on the sequence show location 

of amino acids in Nanog protein. The red boxes indicate 

motifs for DNA binding. Green helices represent α-helices. 

'SS confidence' line indicates the confidence in the 

prediction, with red being high confidence and blue low 

confidence. The 'Disorder' line contains the prediction of 

disordered regions in Nanog protein and such regions are 

indicated by question marks (?). 'Conserved Domain info' line 

indicates that red dots indicate DNA binding site and blue 

dots indicate specific DNA base contacts. 
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Figure 4. Reverse transcription PCR and Real time qPCR of POUV, Nanog, Sox2 and ENS-1. (A) 

RT-PCR is conducted with cPOUV, cNanog, cSox2, ENS-1 using cDNA of oocyte and intrauterine 

stage blastoderms. All the pluripotent genes used in this study (cPOUV, cNanog, cSox2 and 
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ENS-1) are expressed in EGK.X except Sox2. chicken POUV is expressed from EGK.V and 

strongly expressed from EGK. VIII. Chicken Nanog is maternally inherited and expressed in during 

all intrauterine periods. ENS-1 which is specifically expressed in cESCs starts to express from 

EGK.V. No Sox2 bands are detected during all intrauterine period. RT-PCR was conducted with 

CEF as negative control. (B, C, D) Real time qPCR is conducted with cPOUV, cNanog, cSox2, 

ENS-1 using cDNA of oocyte and intrauterine stage blastoderms. GAPDH was the reference gene. 

Results are expressed as mean ± SD (n = 3). Significant upregulation of Nanog was detected 

from EGK.V. POUV was upregulated from EGK.VII and no Sox2 upregulation was detected during 

intrauterine period. ENS-1 expression started from EGK.V and showed significant upregulation in 

EGK.VIII.  
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Figure 5. Localization and expression of cPOUV transcript during intrauterine stage of chick 

blastoderms. In situ hybridization analysis shows the localization and expression of cPOUV 

transcript (A~J). cPOUV expression was detected from EGK.VII (G and G') in which the cell 
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shedding was occurred. Shedding cells have no cPOUV expression and remained cells has cPOUV 

transcript (G~I and G'~I'). Newly formed hypoblast in EGK.X expressed cPOUV in salt and pepper 

manner and has weak cPOUV signal against epiblast (J and J').
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Figure 6. Expression of cPOUV transcript and cell shedding at EGK.VIII stage. (A) At EGK.VIII 

stage, cPOUV transcipts are exclusively expressed in area pellucida. (B) Scheme of direction of 

section (C) Cell shedding occurred from posterior region of blastoderm to anterior, thereby the 
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layer of blastoderm is gradually decreased during area formation periods. The lower most cells fall 

into the subgerminal cavity from posterior to anterior. The center of blastoderms are relatively 

thinner (a.p) than those of margin (a.o). Shedded cells are relatively larger than the upper most 

cells in area pellucida and have many yolk granules. (D) Shedding cells have no cPOUV 

expression (white arrow). The cells attached to upper layer cells and will be shedded in area 

pellucida also have no cPOUV trasncripts (black arrow). a.p : area pellucida, a.o : area opaca. 

Scale bar=100μm.
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Figure 7. Localization and expression of cNanog transcript during intrauterine stage of chick 

blastoderms. In situ hybridization analysis shows the localization and expression of cNanog 

transcript (A~J). Detectable expression of cNanog was started from EGK.IV in which the cell 
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layer increase still occurred (D and D'). Shedding cells have no cNanog expression and remained 

cells has cNanog transcript (G~I and G'~I'). cNanog exclusively expressed in epiblast in EGK.X. 

Newly formed hypoblast has no cNanog expression (J and J').
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Figure 8. Expression of cNANOG transcript and cell shedding 

at EGK.VIII stage. (A) Section of EGK.VII blastoderm. Large 

cells have many yolk and no cNANOG expression (white 

arrows). Relatively small cells express cNANOG transcript 

(black arrows). Large cells and small cells are located 

randomly in this stage. (B) Section of EGK.VIII blastoderm. 

Almost all large and yolky cells are shedded in this stage. 

cNANOG transcripts are exclusively expressed in remaining 

cells. 
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Figure 9. Expression of genes related in pluripotency. 

RT-PCR is conducted with chicken homology of ICM marker 

(Tbx3, Dax1, Nr5a2, Prdm14, Esrrb, Klf2, Klf4 and Klf5), 

epiblast marker (Otx2 and Dnmt3b), Nanog regulator (Esrrb, 

Klf4, Zic3, Tbx3, Tcf3 and Tpt1), interactors of Nanog 

(Sall4, Dax1 and Tet2) and Oct4 regulator (Brg1) using 

cDNA of EGK.III, VI and VIII blastoderms. 



84

Table 1. Amino acid informations of Nanog and POUV for 

alignment.

Protein species Accession
Length 

(a.a.)
chromosome

Nanog Human AAP49529 305 12

Chimpanzee NP_001065295 305 12

Monkey NP_001274577 305 11

Elephant XP_003410852 305 unknown

Bovine NP_001020515 300 5

Pig ABS83566 305 5

Mouse NP_082292 305 6

Chicken ABK27429 309 1

Duck AFX61403 302 unknown

Zebrafish AEZ64150 384 24

POUV Human NP_002692 360 6

Monkey NP_001108427 360 4

Bovine NP_777005 360 23

Pig NP_001106531 360 7

Mouse NP_038661 352 17

Chicken NP_001296301 389 17

Zebrafish NP_571187 472 21
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Table 2. Primer sequences for in situ hybridization and 

RT-PCR.

Primer Sequence (5' → 3') Product size (bp)

cNanog F CAGCAGACCTCTCCTTGACC
586

cNanog R AAGCCCTCATCCTCCACAGC

cPOUV F GCCAAGGACCTCAAGCACAA
511

cPOUV R ATGTCACTGGGATGGGCAGA

cSox2 F CACAACTCGGAGATCAGCAA
471

cSox2 R GTAGGTAGGCGATCCGTTCA

ENS-1 F CTGAAGGTTACTGGGGACCA
403

ENS-1 R ACTTTGGGTCCTGACTGGTG

GAPDH F ACACAGAAGACGGTGGATGG
196

GAPDH R GGCAGGTCAGGTCAACAACA
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Table 3. Primer sequences for qRT-PCR

Primer Sequence (5' → 3') Product size (bp)

qNanog F CAGCAGACCTCTCCTTGACC
187

qNanog R TTCCTTGTCCCACTCTCACC

qPOUV F GTTGTCCGGGTCTGGTTCT
189

qPOUV R GTGGAAAGGTGGCATGTAGAC

qSox2 F GCAGAGAAAAGGGAAAAAGGA
170

qSox2 R TTTCCTAGGGAGGGGTATGAA

qENS-1 F TGCTCGGCCTTCTGTATCAG
181

qENS-1 R TTCCTCTCGGAACTCCACAG

qGAPDH F ACACAGAAGACGGTGGATGG
196

qGAPDH R GGCAGGTCAGGTCAACAACA
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Table 4. Primer information of pluripotent genes

Primer Sequence (5' → 3') Product size (bp)

cKlf4 F CTCCCACTCCTCTCCTCCTC
574

cKlf4 R ATGTCCGCCAGGTTGAAG

cKlf5 F CCGAGCCCGTCACTATCTTC
797

cKlf5 R CCCGGTGTGCTTCCTGTAAT

cKlf2 F AGTACGGCCTTTTCGAGGAC
550

cKlf2 R CAGGTTCTGTGCAGGAGACG

cTbx3 F TGGAAGACGACCCGAAAGTG
806

cTbx3 R GGCTTCTAGCAAAGGGTCGT

cEsrrb F GCTGGAATTGGACTGAGGCT
765

cEsrrb R GTCACAGAGGGTTGTCAGGG

cTet2 F GTCTGCTGAGAAAACCCCGA
762

cTet2 R AGCTTCTTGTAGGTGGGTGC

cPrdm14 F GTTCGCCTACCGCTACTACC
746

cPrdm14 R GGAAGGGACGCTCCTGAAAA

cTcf1 F GGTATGAAGCACCAGGACCC
454

cTcf1 R GCTGAGGTTTCATGTTGCGG

cSall4 F CGTGAGGTCAAAGTCACCGA
500

cSall4 R CATGGACCTTCAGGTTCCCC

cTpt1 F CGGTGATAACCGGTGTGGAT
483

cTpt1 R CCTCCACTCCAAATCAGGGT



88

Primer Sequence (5' → 3') Product size (bp)

cBRG1 F AGAAGCTGGAGAAGCAGCAG
478

cBRG1 R CTCATCTGGCTCGTCTCGTC

cTcf3 F GGGTAACAGAGGAACCACGG
895

cTcf3 R TACGGCCTGGTGGAGGATTA

cZic3 F AAGAAGAGCTGCGACAGGAC
620

cZic3 R TGCCTTCACACGTACCACTC

cDax1 F AGCATCCTCAAGAGCCACG
588

cDax1 R GGCTTGGTCACCTCTGTGAA

cDnmt3b F CAAACCACTGGGCGTCAAAG
620

cDnmt3b R CCGCTGGGTAGATTTTGGGT

cSall1 F CGTGGCTTTTCCACAAAGGG
516

cSall1 R GCCTCCTAGGAACGTCATGG

cDnmt3a F CTCATGTGCGGCAACAACAA
998

cDnmt3a R TTGGACACGTCCGTGTAGTG

cNr5a2 F ATGCCTCAGCGTTGGAATGA
582

cNr5a2 R AGCTTCTCGTGCTTGCTTCT

cOtx2 F GCAGTCAATGGCCTGAGTCT
504

cOtx2 R GGTCATGGGGTAGGACCTCT

qGAPDH F ACACAGAAGACGGTGGATGG
196

qGAPDH R GGCAGGTCAGGTCAACAACA
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4. Discussion

Acquisition of pluripotency is the most pivotal 

procedure of early development.  After extensive studies of 

pluripotency in mESCs, scientists found that several 

transcription factors form pluripotency networks for their 

ability of infinite self renewal and undifferentiation. Oct3/4, 

Sox2 and Nanog are the most crucial factors for pluripotency 

networks among the various genes related in pluripotency. 

Indeed, differentiated cells can be reprogrammed to an 

embryonic-like state by transfer of Oct3/4, Sox2, c-Myc 

and Klf4 (Takahashi et al., 2007; Takahashi and Yamanaka, 

2006). Also, Nanog expression is critical for distinguish of 

fully reprogrammed states (Takahashi et al., 2007).

Until now, there is no study on formation of 

pluripotency in aves because of hardness of accessibility to 

blastoderms before the oviposition. We harvested intrauterine 

stages of chick blastoderms by abdominal massage and 

investigated  expression dynamics of Nanog, Sox2, ENS-1 

and POUV which is chicken homology of Oct3/4. 

mouse Oct3/4 mRNA is expressed in maturing and 

ovulated oocytes but not in sperm. It seems that zygotic 

Oct3/4 transcription begin around four to eight cell stage. 

But from zygote to four cell stage, their expression levels 

are gradually decreased. Oct3/4 mRNA is distributed evenly 

during expanding blastocyst stage. Oct3/4 expression is 
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predominantly expressed in the ICM, while weak expression 

is found in the primitive endoderm and no expression is 

detected in trophectodermal cells. In chicken, our data show 

that cPOUV is expressed from EGK.V to EGK.X (Figure 4A) 

and the expression levels are gradually increased (Figure 

4B). in situ hybridization results of cPOUV probe indicate 

that cPOUV expression is detected from EGK.VII (Figure 5). 

Because chicken oocytes have no cPOUV expression, early 

development of chick embryo may be not affected by 

cPOUV. 

cPOUV seems to be related in lineage segregation of 

differentiation. During area formation period, almost all the 

shedding cells have no expression of cPOUV (Figure 

5G'-5H', Figure 5C, 5D). The possible explanation is that 

the cells which have no cPOUV are shedded out because 

they have no ability for development. Instead, they provide 

the nutrients to other cells which express cPOUV. Indeed, 

shedding cells have large amount of yolk granules (Kochav 

et al., 1980). Primitive endoderm of EGK.X blastoderms 

express cPOUV weaker than epiblast. The other groups 

show similar results in cPOUV expression in this stage 

(Lavial et al., 2007, Nakanoh et al., 2015). The expression 

levels of pluripotent gene is crucial for the differentiation of 

pluripotent cells. In mouse ESCs, Oct3/4 acts like mesoderm 

specifier (Zeineddine et al., 2006) and Nanog acts like 

endoderm specifier (Teo et al., 2011), respectively. Also 

Sox2 is essential for ectoderm differentiation (Wang et al., 
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2012). Together, exclusiveness of cPOUV expression also 

related in lineage segregation during early development of 

chick embryos.

In contrast to mammals, cNanog is maternally 

inherited and express all the stages of intrauterine period 

(Figure 4A, 4C). But, we cannot detected any signals in 

EGK.I, II and III by in situ hybridization (Figure 7). We 

assume that the expression levels of cNanog in these stages 

are very low, so that is why we cannot detect any signals 

(Figure 4C). Mouse Oct3/4 and Sox2 are inherited from 

maternal components and important for the expressoin of the 

Nanog (Rodda et al., 2005). Chicken seems to be different 

mechanism for cNanog transcription during ZGA because of 

the absence of cPOUV and cSox2. But, protein expression 

analysis of cPOUV and cSox2 has to be conducted for exact 

conclusion. cNanog is related to lineage specification like 

cPOUV. The shedding cells have no expression of cNanog. 

The epiblast of EGK.X blastoderm express cNanog but not in 

the hypoblast (Figure 7 and Figure 8). At EGK.VII stage, 

shedding cells are already buried in multi layer cells (Figure 

8A). And it seems to be gradually detached from lower most 

cell layer at EGK.VIII (Figure 8B).  

RT-PCR results show that EGK.X from which the 

cESCs are derived has all the pluripotent genes except the 

Sox2 (Figure 4A). Mouse Sox2 protein is expressed in the 

cytoplasm of growing oocytes and is shuttled from the 

cytoplasm to nucleus by the 2-cell stage. Zygotic Sox2 
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transcription begins in the late morula. Knock out mouse 

embryos show defective epiblast development and early 

embryonic lethality (Avilion et al., 2003). Also 

trophectoderm differentiation is occurred in knock out of 

mESCs (Masui et al., 2007). So, Sox2 have crucial role in 

ealy embryonic development and maintenance of 

pluripotency. But, our data show that there are no cSox2 

expression during intrauterine stage of chick blastoderms 

(Figure 4A). 

Interestingly, cSox2 expression is up-regulated in 

cESCs, when EGK.X blastodermal cells are cultured in vitro. 

So, we can assume that in vitro culture condition of cESCs 

have impact on pluripotency network and the function of 

Sox2 is conserved to maintenance of pluripotency. The ZGA 

of chicken is not controlled by cSox2 and cPOUV 

(Leichsenring et al., 2013, Lee et al., 2013) because no 

transcripts of cSox2 and cPOUV are detected during ZGA of 

chicken (Figure 4A). But, mouse Sox2 is maternally 

inherited in protein form, the future experiments will focus 

on expression and localization of Sox2 protein. 

ENS-1, early marker of neural induction and novel 

pluripotency marker of galliforms, is also expressed before 

the EGK.X (Figure 4A and 4D). ENS-1 starts to be 

expressed from EGK.V. In aspects of ENS-1 as neural 

specification marker, lineage specification may occur before 

EGK.V~VI. Indeed, primitive endoderm markers such as 

Gata4, Gata6 and Sox17 are expressed from EGK.VII in 
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zebrafinch (Mak et al., 2015). In aspects of ENS-1 as 

pluripotency marker, pluripotency acquisition is already 

formed before EGK.X in which pluripotency is thought to be 

completely formed. 

The difference of expression dynamics of 

pluripotency related genes is unexpected clue because of 

DNA binding domain of cPOUV and cNANOG which show 

highly conserved amino acid sequences with mammals 

(Figure 1 and Figure 2). Indeed, prediction of amino acids 

which related in DNA binding are also similar between 

mouse and chicken (Figure 3).

Taken together, core pluripotency related 

transcription factor are expressed except Sox2, underlying 

molecular mechanism for pluripotency acquisition is differ 

from what occurred in mammals. Future studies will focus on 

interaction of the pluripotency markers in vivo system. 
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