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Roles of cell differentiation factors in preimplantation development of
domestic animals

Ken SAWAIV
DFaculty of Agriculture, Iwate University, Iwate 020-8550, Japan

Abstract. In mammalian embryos, the first visible differentiation event is the segregation of the inner cell mass (ICM) and
trophectoderm (TE) during the transition from the morula to the blastocyst stage. The ICM, which is attached to the inside of
the TE, develop into the fetus and extraembryonic tissues, while the TE, which is a single layer surrounding the fluid-filled
cavity called the blastocoel, will provide extraembryonic structures such as the placenta. ICM/TE differentiation is regulated
by the interaction between various transcriptional factors. However, little information is available on the segregation of the
ICM and TE lineages in preimplantation embryos of domestic animals, such as cattle and pigs. This review focuses on the
roles of cell differentiation factors that regulate the ICM/TE segregation of preimplantation bovine and porcine embryos.
Understanding the mechanism of cell differentiation in early embryos is necessary to improve the in vifro production systems

for bovine and porcine embryos.
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Introduction

In vitro production (IVP) of bovine embryos, such as composi-
tive technologies of in vitro maturation (IVM) of oocytes, in vitro
fertilization (IVF) and in vitro culture (IVC) of embryos, has gained
worldwide interest for their contribution to improving genetic gains
in beef and dairy cattle. In 2016, approximately 1 million bovine
IVP embryo transfers were completed worldwide (IETS Report,
December 2017). Thus, IVP is already an important method in cattle
production, and all indications are that this trend will continue [1].
However, pregnancy success in cattle after embryo transfer (ET) using
IVP embryos is far from ideal. In bovine embryos obtained from
IVP, a high rate of embryonic or fetal loss and the large offspring
syndrome (LOS), the phenomenon of increased birth weight of
newborn calves, has been consistently observed [1, 2]. On the other
hand, pigs have attracted increasing attention as suitable sources for
xenotransplantation, production of specific proteins by transgenesis,
and biomedical models for studying human physiology and pathology.
Successful piglet production from IVP embryos has accelerated
progress in these areas. However, IVP of porcine embryos is still
inefficient than that of other mammals, such as mice and cattle. This
is attributed to low development rates to the blastocyst stage and
the production of poor-quality blastocysts [3]. One of the reasons
for the decreased development of bovine and porcine [VP systems
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described above is limited knowledge of the molecular mechanisms
involved in early embryonic development. Therefore, to improve
the IVP systems for bovine and porcine embryos, it is important to
focus on the molecular mechanisms underlying the regulation of
early embryonic development.

Differentiation of unspecialized cells into other cell types is a
crucial process of development. Thus, understanding the molecular
mechanisms governing lineage segregation during early embryonic
development is critical for elucidating fundamental developmental
pathways. In early mammalian development, the first lineage segrega-
tion occurs during the transition from the morula to the blastocyst
stage when blastomeres differentiate into the inner cell mass (ICM)
and trophectoderm (TE). The ICM is a group of pluripotent cells
attached to inside of the TE that gives rise to the embryonic tissue
comprising the ectoderm, mesoderm, and endoderm [4]. In contrast,
TE is a single layer of polarized cells surrounding the blastocoel,
which gives rise to the embryonic portion of the placenta [5, 6]. The
segregation of ICM and TE lineages is regulated by the interaction
of various genes. In mouse embryos, the transcription factors, POU
domain class 5 transcription factor 1 (Oct-4) and Caudal-related
homeobox 2 (Cdx2) play pivotal roles in the segregation of the
ICM and TE [7-9].

As described above, the molecular mechanisms that regulate the
segregation of the ICM and TE lineages have been well characterized
in mouse embryos. However, little information is available on the
segregation of ICM and TE lineages in bovine and porcine embryos.
Recently, some researchers reported that in contrast to mice, OC7-4
expression does not appear to be restricted to the ICM, even in
expanded blastocysts in pigs and cattle [10—13]. These findings led
us to expect a difference in the molecular mechanisms that regulate
the segregation of the ICM and TE lineages between species. This
review focuses on the roles of cell differentiation factors in the
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OCT-4 and CDX2 are essential for development from the morula to the blastocyst stage and gene expression involved in the differentiation of

ICM and TE lineages in bovine and porcine embryos. Especially, the continuous expression of OCT-4 in blastomeres is essential for TE formation

in porcine embryos. The unknown factor(s) is indicated as Factor X.

preimplantation development of domestic animals by introducing
several findings based on our studies [10, 14-20].

Roles of OCT-4 and CDX2 in Preimplantation
Development of Bovine and Porcine Embryos

In murine embryos, the transcription factors Oct-4 and Cdx2
are necessary for the segregation and function of ICM and TE
lineages. Oct-4, which is exclusively expressed in ICM after
blastocoel formation, is required to maintain cell pluripotency and
normal differentiation into the epiblast [7, 21]. Conversely, Cdx2
is a TE-specific transcription factor required for correct cell-fate
specification and TE differentiation [9]. Murine embryos lacking
Oct-4 or Cdx2 expression still form ICM or TE, respectively [9, 22,
23]. These findings indicate that both Oct-4 and Cdx2 function in
the differentiation of ICM and TE after blastocyst formation. First,
we demonstrated the differences in expression levels of several
genes, including OCT-4 and CDX2, between cells of the ICM and
TE lineages in bovine and porcine embryos [10, 17]. The levels of
OCT-4 mRNA in the ICM of bovine and porcine blastocysts were
higher than those in TE. In contrast, the levels of CDX2 expression
in bovine and porcine TE lineages were higher than those in ICM
lineages. Thus, we concluded that OCT-4 and CDX2 might control
the differentiation of ICM and TE in bovine and porcine embryos.
However, OCT-4 expression was detected in both ICM and TE in
cattle and pigs, even at the expanded blastocyst stage [10-13, 17,
24]. Although these observations suggest a distinct role of OCT-4
during early development in bovine and porcine embryos, little is
known about the functions of OCT-4 and CDX2 during the embryonic
development of domestic animals.

To elucidate the functions of OCT-4 and CDX2 during early
development in bovine and porcine embryos, we performed OCT-4
and CDX2 downregulation using RNA interference [15, 18, 19]. We
injected OCT-4- or CDX2-specific short interfering RNAs (siRNAs)
into bovine or porcine zygotes. The blastocyst development rate
in OCT-4-downregulated bovine and porcine embryos was lower

than that in uninjected or control siRNA-injected embryos [18, 19].
Gene expression analysis revealed decreased CDX?2 and fibroblast
growth factor 4 (FGF4) expression in OCT-4-downregulated bovine
embryos [19]. In murine embryos, FGF4 is highly expressed in the
ICM and epiblast and activates the expression of FGF receptor 2 in
the TE lineage [25, 26]. The FGF4 signaling pathway is required
to maintain the proliferation of TE cells [27-29]. Furthermore,
CDX2-downregulated bovine embryos developed to the blastocyst
stage; however, in most cases, blastocoel formation was delayed
[19]. In addition, we constructed chimeric embryos comprising
blastomeres that either expressed OCT-4 normally or showed down-
regulated OCT-4 expression by co-injection of OCT-4-siRNA and
tetramethylrhodamine isothiocyanate (TRITC)-dextran conjugate
(Dx) into one blastomere in 2- to 4-cell stage porcine embryos
[15]. In control embryos, co-injected with control siRNA and Dx,
Dx-positive cells contributed to the TE lineage in almost all the
blastocysts examined. In contrast, Dx-positive cells derived from a
blastomere co-injected with OCT-4-siRNA and Dx degenerated in
almost half the blastocysts. This was probably due to the inability
of these cells to differentiate into the TE lineage.

We summarized both OCT-4 and CDX2 roles in the early embryo
development of domestic animals in Fig. 1. Our results indicate that
1) OCT-4 and CDX2 are essential for early development and gene
expression involved in the differentiation of ICM and TE lineages
in bovine and porcine embryos, and 2) the continuous expression
of OCT-4 in blastomeres is essential for TE formation in porcine
embryos.

Roles of Several Factors Involved in The Hippo Pathway
in Preimplantation Development of Porcine Embryos

In mice, TEA domain family transcription factor 4 (Tead4) is
detected in nuclei from the 4-cell to the blastocyst stage [30]. Murine
embryos lacking Tead4 expression fail to form a blastocoel and do
not express Cdx2 [30-32]. Furthermore, expression of Oct-4 and
SRY-related HMG-box gene 2 (Sox2) was induced in these Tead4-
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deficient embryos [32, 33]. Therefore, Tead4 is a critical factor in TE
segregation in murine embryos. In ICM progenitor cells, which are
inside of embryos, the Hippo pathway is active, inducing cytoplasmic
restriction of Yes-associated protein 1 (Yapl) via phosphorylation
[34]. Contrastingly, the Hippo pathway is weakly activated in TE
progenitor cells, which are outside of embryos [34]. In the outer cells,
nuclear accumulation of Yap1 leads to form Tead4-Yapl complex,
and the complex induces Cdx2 expression [34]. Thus, Tead4 regulates
the segregation of the TE linage through the expression of Cdx2 in
murine embryos. In murine embryos, Cdx2 mutation leads to failure of
TE maintenance [9, 35, 36], whereas CDX2-downregulated embryos
of pigs and cows are able to develop normally to the blastocyst stage
and form TE [19, 37, 38]. Furthermore, CDX2- and TEAD4-specific
localization in the TE lineage starts from the ovoid stage, the next
stage of the blastocyst [17]. On the other hand, TEAD4 expression
in porcine embryos has been observed from 4-cell stage, and TEAD4
expression has been observed in both ICM and TE regions at the
blastocyst stage [17, 39]. These results suggest that TEAD4 controls
the preimplantation development of porcine embryos through the
expression of a specific factor other than CDX2. Therefore, we
assessed TEAD4 expression at both mRNA and protein levels in
porcine preimplantation embryos and performed 7EAD4 knockdown to
investigate TEAD4 function during the early development of porcine
embryos [16]. Nuclear localization of TEAD4 protein was detected
at the 16-cell stage, as well as at subsequent developmental stages. In
porcine embryos injected with TEAD4 siRNA, transformation from
morula to blastocyst was inhibited. Although TEAD4 downregulation
did not affect the expression levels of OCT-4, transcription of SOX2
was detected at high levels in TE4AD4-downregulated embryos. It is
possible that TEAD4 contributes to blastocyst formation in porcine
embryos through downregulation of SOX2 expression.

The Hippo pathway controls various cellular events such as cell
proliferation, differentiation, and cell death [40, 41]. Thus, this
mechanism is one of the main regulators of ICM/TE lineage diver-
gence in murine embryos [34, 42]. Activation of the Hippo pathway
depends on cell position in preimplantation embryos. In the inner
cells of murine morulae, the Hippo pathway is activated, allowing
the activation of large tumor suppressor 1/2 (Lats1/2) kinases to
phosphorylate Yap1 for preventing its nuclear accumulation [34, 42].
As a result, inhabitation of Yapl transition into the nucleus occurs,
and Yap 1 cannot bind to Tead4 which is a promoting factor for
Cdx2 expression. The complex of Tead4 and Cdx2 is essential for
TE segregation [30-32, 34, 43]. Thus, in the absence of Tead4-Yap1
activity, ICM-induced genes such as Oct-4 and Sox2 are expressed
in the inner cells [33, 40, 44—46]. On the other hand, the Hippo
pathway is repressed and Lats1/2 is not activated in the outer cells.
Thus, Yapl1 is not phosphorylated and can be transferred into the
nucleus. Consequently, it is indicated clearly that Yapl binds to
Tead4, and drives Cdx2 expression is one of very important event
for TE segregation [34]. As described above, we have demonstrated
that blastocyst formation was inhibited in 7EAD4-downregulated
porcine embryos, and SOX2 transcript levels were increased in these
embryos [16]. These findings suggest that TEAD4 is needed for TE
segregation in porcine embryos and the Hippo pathway controls this
mechanism in porcine preimplantation embryos, similar to mice.
Therefore, we investigated in order to elucidate the roles of YAPI

and LATS2 in porcine preimplantation development [14]. In pigs,
both YAP1 and LATS2 mRNA expressed higher levels in in vitro
matured oocytes and 1-cell stage embryos, and decreased gradually
with embryo development. Furthermore, we demonstrated YAP1
nuclear localization in porcine morula and blastocyst embryos.
Interestingly, downregulation of either YAPI or LATS?2 by specific
siRNA injection into 1-cell stage porcine embryos inhibited early
development and affected the expression levels of OCT-4 and SOX2.
Therefore, we concluded that YAP1 and LATS2 are essential for
porcine preimplantation development, and it is possible that the
Hippo pathway has important roles in porcine ICM/TE segregation
as murine preimplantation embryos [14].

We summarized the roles of several factors involved in the Hippo
pathway in porcine embryos based on our findings in Fig. 2. Our
results indicate the importance of TEAD4 and regulation by YAP1
and LATS2, which are main components of the Hippo pathway, in
early development and gene expression involved in the differentiation
of ICM and TE lineages in porcine embryos.

Morula

Inner Cells Outer Cells

Hippo Pathway ON Hippo Pathway OFF

LATS2

YAP1 —> YAP1 YAP1 —> YAP1

X

YAP1 |
TEAD4

v v
ICM TE

A model of ICM/TE segregation mechanism in porcine embryos.
Our results indicate the importance of TEAD4 and regulation by
YAP1 and LATS2, which are the main components of the Hippo
pathway, in early development and gene expression involved in
the differentiation of ICM and TE lineages in porcine embryos.
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Conclusions and Perspective

Our results obtained from artificial downregulation of specific
gene expression by RNA interference in early embryos indicated
clearly a regulatory mechanism for the cell differentiation of ICM
and TE lineages in domestic animals. Our observations led us to
confirm some differences in the molecular mechanisms that regulate
the segregation of the ICM and TE lineages between species. Further
analyses of the expression of other factors and regulation mechanisms
of these factors in the cell differentiation of preimplantation embryos
are required. Furthermore, it is well known that bovine and porcine
embryos elongate after the blastocyst stage. Therefore, to obtain a
better understanding of the molecular mechanism responsible for the
segregation of the ICM and TE lineages in domestic animal embryos,
it is necessary to study changes in the expression of such genes
during preimplantation development including the elongation stage.

Our findings and future analyses should be available for improving
IVP systems for bovine and porcine embryos. For example, one of
the causes of LOS, which is serious problems after ET of bovine
embryos obtained from the IVP system, is aberrant gene expression
status in these embryos[1, 2]. However, there are no suitable markers
for evaluation of epigenetic status in bovine IVP embryos. We expect
that the gene expression levels or status of several factors involved
in the differentiation of ICM and TE lineages in bovine embryos
will be valuable for assessment of bovine IVP embryos. To avoid the
incidence of LOS offspring in the IVP system, we have approached
the establishment of evaluation methods for bovine IVP embryos
using gene expression analysis of these factors.

Acknowledgments

The author would like to express my gratitude to the Society for
Reproduction and Development (SRD) for awarding the SRD Out-
standing Research Award in 2020. The author is very grateful to
Dr. K. Okuda (Obihiro University of Agriculture and Veterinary
Medicine, Obihiro, Japan) for his continuous encouragement and
support and all collaborators who contributed to this study. The
present study was supported by JSPS KAKENHI Grant Numbers
21028001, 23013002, 23580384 and 26292162.

References

1. Ealy AD, Wooldridge LK, McCoski SR. BOARD INVITED REVIEW: Post-transfer
consequences of in vitro-produced embryos in cattle. J Anim Sci 2019; 97: 2555-2568.
[Medline] [CrossRef]

2. Bertolini M, Mason JB, Beam SW, Carneiro GF, Sween ML, Kominek DJ, Moyer
AL, Famula TR, Sainz RD, Anderson GB. Morphology and morphometry of in vivo-
and in vitro-produced bovine concepti from early pregnancy to term and association with
high birth weights. Theriogenology 2002; 58: 973-994. [Medline] [CrossRef]

3. Nagai T, Funahashi H, Yoshioka K, Kikuchi K. Up date of in vitro production of por-
cine embryos. Front Biosci 2006; 11: 2565-2573. [Medline] [CrossRef]

4. Pedersen RA, Wu K, Balakier H. Origin of the inner cell mass in mouse embryos: cell
lineage analysis by microinjection. Dev Biol 1986; 117: 581-595. [Medline] [CrossRef]

5. Cross JC. How to make a placenta: mechanisms of trophoblast cell differentiation in
mice—a review. Placenta 2005; 26(Suppl A): S3-S9. [Medline] [CrossRef]

6. Kunath T, Strumpf D, Rossant J. Early trophoblast determination and stem cell
maintenance in the mouse—a review. Placenta 2004; 25(Suppl A): S32-S38. [Medline]
[CrossRef]

7. Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, Chambers I,
Scholer H, Smith A. Formation of pluripotent stem cells in the mammalian embryo

12.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

depends on the POU transcription factor Oct4. Cell 1998; 95: 379-391. [Medline] [Cross-
Ref]

Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, Yagi R, Rossant J. In-
teraction between Oct3/4 and Cdx2 determines trophectoderm differentiation. Cel/ 2005;
123: 917-929. [Medline] [CrossRef]

Strumpf D, Mao CA, Yamanaka Y, Ralston A, Chawengsaksophak K, Beck F, Ros-
sant J. Cdx2 is required for correct cell fate specification and differentiation of trophecto-
derm in the mouse blastocyst. Development 2005; 132: 2093-2102. [Medline] [CrossRef]
Fujii T, Moriyasu S, Hirayama H, Hashizume T, Sawai K. Aberrant expression patterns
of genes involved in segregation of inner cell mass and trophectoderm lineages in bovine
embryos derived from somatic cell nuclear transfer. Cell Reprogram 2010; 12: 617-625.
[Medline] [CrossRef]

Hall VJ, Chri J, Gao Y, Sct
ing develops from the inner cell mass to the epiblast during early development. Dev Dyn
2009; 238: 2014-2024. [Medline] [CrossRef]

Kirchhof N, Carnwath JW, Lemme E, Anastassiadis K, Scholer H, Niemann H.
Expression pattern of Oct-4 in preimplantation embryos of different species. Biol Reprod
2000; 63: 1698-1705. [Medline] [CrossRef]

Kuijk EW, Du Puy L, Van Tol HT, Oei CH, Haagsman HP, Colenbrander B, Roelen
BA. Differences in early lineage segregation between mammals. Dev Dyn 2008; 237:
918-927. [Medline] [CrossRef]

Emura N, Saito Y, Miura R, Sawai K. Effect of downregulating the hippo pathway
members YAP1 and LATS2 transcripts on early development and gene expression in-
volved in differentiation in porcine embryos. Cell Reprogram 2020; 22: 62—70. [Medline]
[CrossRef]

Emura N, Sakurai N, Takahashi K, Hashizume T, Sawai K. OCT-4 expression is es-
sential for the segregation of trophectoderm lineages in porcine preimplantation embryos.
J Reprod Dev 2016; 62: 401-408. [Medline] [CrossRef]

Emura N, Takahashi K, Saito Y, Sawai K. The necessity of TEAD4 for early develop-
ment and gene expression involved in differentiation in porcine embryos. J Reprod Dev
2019; 65: 361-368. [Medline] [CrossRef]

Fujii T, Sakurai N, Osaki T, Iwagami G, Hirayama H, Minamihashi A, Hashizume T,
Sawai K. Changes in the expression patterns of the genes involved in the segregation and

idt MH, Hyttel P. Porcine pluripotency cell signal-

function of inner cell mass and trophectoderm lineages during porcine preimplantation
development. J Reprod Dev 2013; 59: 151-158. [Medline] [CrossRef]

Sakurai N, Fujii T, Hashizume T, Sawai K. Effects of downregulating oct-4 transcript
by RNA interference on early development of porcine embryos. J Reprod Dev 2013; 59:
353-360. [Medline] [CrossRef]

Sakurai N, Takahashi K, Emura N, Fujii T, Hirayama H, Kageyama S, Hashizume
T, Sawai K. The necessity of OCT-4 and CDX2 for early development and gene expres-
sion involved in differentiation of inner cell mass and trophectoderm lineages in bovine
embryos. Cell Reprogram 2016; 18: 309-318. [Medline] [CrossRef]

Sakurai N, Takahashi K, Emura N, Hashizume T, Sawai K. Effects of downregulat-
ing TEAD4 transcripts by RNA interference on early development of bovine embryos. J
Reprod Dev 2017; 63: 135-142. [Medline] [CrossRef]

Palmieri SL, Peter W, Hess H, Scholer HR. Oct-4 transcription factor is differentially
expressed in the mouse embryo during establishment of the first two extraembryonic cell
lineages involved in implantation. Dev Biol 1994; 166: 259-267. [Medline] [CrossRef]
Le Bin GC, Muiioz-Descalzo S, Kurowski A, Leitch H, Lou X, Mansfield W, Etienne-
Dumeau C, Grabole N, Mulas C, Niwa H, Hadjantonakis AK, Nichols J. Oct4 is
required for lineage priming in the developing inner cell mass of the mouse blastocyst.
Development 2014; 141: 1001-1010. [Medline] [CrossRef]

Ralston A, Cox BJ, Nishioka N, Sasaki H, Chea E, Rugg-Gunn P, Guo G, Robson P,
Draper JS, Rossant J. Gata3 regulates trophoblast development downstream of Tead4
and in parallel to Cdx2. Development 2010; 137: 395-403. [Medline] [CrossRef]

van Eijk MJ, van Rooijen MA, Modina S, Scesi L, Folkers G, van Tol HT, Bevers
MM, Fisher SR, Lewin HA, Rakacolli D, Galli C, de Vaureix C, Trounson AO,
Mummery CL, Gandolfi F. Molecular cloning, genetic mapping, and developmental
expression of bovine POUSF1. Biol Reprod 1999; 60: 1093—1103. [Medline] [CrossRef]
Allen BL, Filla MS, Rapraeger AC. Role of heparan sulfate as a tissue-specific regula-
tor of FGF-4 and FGF receptor recognition. J Cell Biol 2001; 155: 845-858. [Medline]
[CrossRef]

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon A, Lin-
hardt RJ, Mohammadi M. Crystal structure of a ternary FGF-FGFR-heparin complex
reveals a dual role for heparin in FGFR binding and dimerization. Mol Cell 2000; 6:
743-750. [Medline] [CrossRef]

Niswander L, Martin GR. Fgf-4 expression during gastrulation, myogenesis, limb and
tooth development in the mouse. Development 1992; 114: 755-768. [Medline]

Rappolee DA, Basilico C, Patel Y, Werb Z. Expression and function of FGF-4 in
peri-implantation development in mouse embryos. Development 1994; 120: 2259-2269.
[Medline]

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. Promotion of trophoblast


http://www.ncbi.nlm.nih.gov/pubmed/30968113?dopt=Abstract
http://dx.doi.org/10.1093/jas/skz116
http://www.ncbi.nlm.nih.gov/pubmed/12212896?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(02)00935-4
http://www.ncbi.nlm.nih.gov/pubmed/16720334?dopt=Abstract
http://dx.doi.org/10.2741/1991
http://www.ncbi.nlm.nih.gov/pubmed/2428686?dopt=Abstract
http://dx.doi.org/10.1016/0012-1606(86)90327-1
http://www.ncbi.nlm.nih.gov/pubmed/15837063?dopt=Abstract
http://dx.doi.org/10.1016/j.placenta.2005.01.015
http://www.ncbi.nlm.nih.gov/pubmed/15033304?dopt=Abstract
http://dx.doi.org/10.1016/j.placenta.2004.01.015
http://www.ncbi.nlm.nih.gov/pubmed/9814708?dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(00)81769-9
http://dx.doi.org/10.1016/S0092-8674(00)81769-9
http://www.ncbi.nlm.nih.gov/pubmed/16325584?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2005.08.040
http://www.ncbi.nlm.nih.gov/pubmed/15788452?dopt=Abstract
http://dx.doi.org/10.1242/dev.01801
http://www.ncbi.nlm.nih.gov/pubmed/20726774?dopt=Abstract
http://dx.doi.org/10.1089/cell.2010.0017
http://www.ncbi.nlm.nih.gov/pubmed/19618464?dopt=Abstract
http://dx.doi.org/10.1002/dvdy.22027
http://www.ncbi.nlm.nih.gov/pubmed/11090438?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod63.6.1698
http://www.ncbi.nlm.nih.gov/pubmed/18330925?dopt=Abstract
http://dx.doi.org/10.1002/dvdy.21480
http://www.ncbi.nlm.nih.gov/pubmed/32150685?dopt=Abstract
http://dx.doi.org/10.1089/cell.2019.0082
http://www.ncbi.nlm.nih.gov/pubmed/27210587?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2016-040
http://www.ncbi.nlm.nih.gov/pubmed/31130592?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2018-120
http://www.ncbi.nlm.nih.gov/pubmed/23257836?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2012-122
http://www.ncbi.nlm.nih.gov/pubmed/23628850?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2013-003
http://www.ncbi.nlm.nih.gov/pubmed/27500421?dopt=Abstract
http://dx.doi.org/10.1089/cell.2015.0081
http://www.ncbi.nlm.nih.gov/pubmed/27941302?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2016-130
http://www.ncbi.nlm.nih.gov/pubmed/7958450?dopt=Abstract
http://dx.doi.org/10.1006/dbio.1994.1312
http://www.ncbi.nlm.nih.gov/pubmed/24504341?dopt=Abstract
http://dx.doi.org/10.1242/dev.096875
http://www.ncbi.nlm.nih.gov/pubmed/20081188?dopt=Abstract
http://dx.doi.org/10.1242/dev.038828
http://www.ncbi.nlm.nih.gov/pubmed/10208969?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod60.5.1093
http://www.ncbi.nlm.nih.gov/pubmed/11724824?dopt=Abstract
http://dx.doi.org/10.1083/jcb.200106075
http://www.ncbi.nlm.nih.gov/pubmed/11030354?dopt=Abstract
http://dx.doi.org/10.1016/S1097-2765(00)00073-3
http://www.ncbi.nlm.nih.gov/pubmed/1618140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7925026?dopt=Abstract

30.

31.

32.

33.

34.

35.

36.

37.

REVIEW: CELL DIFFERENTIATION OF EARLY EMBRYOS

stem cell proliferation by FGF4. Science 1998; 282: 2072-2075. [Medline] [CrossRef]
Home P, Saha B, Ray S, Dutta D, Gunewardena S, Yoo B, Pal A, Vivian JL, Larson
M, Petroff M, Gallagher PG, Schulz VP, White KL, Golos TG, Behr B, Paul S. Altered
subcellular localization of transcription factor TEAD4 regulates first mammalian cell lin-
eage commitment. Proc Natl Acad Sci USA 2012;109: 7362-7367. [Medline] [CrossRef]
Nishioka N, Yamamoto S, Kiyonari H, Sato H, Sawada A, Ota M, Nakao K, Sasaki H.
Tead4 is required for specification of trophectoderm in pre-implantation mouse embryos.
‘Mech Dev 2008; 125: 270-283. [Medline] [CrossRef]

Yagi R, Kohn MJ, Karavanova I, Kaneko KJ, Vullhorst D, DePamphilis ML, Buon-
anno A. Transcription factor TEAD4 specifies the trophectoderm lineage at the beginning
of mammalian development. Development 2007; 134: 3827-3836. [Medline] [CrossRef]
Wicklow E, Blij S, Frum T, Hirate Y, Lang RA, Sasaki H, Ralston A. HIPPO pathway
members restrict SOX2 to the inner cell mass where it promotes ICM fates in the mouse
blastocyst. PLoS Genet 2014; 10: €1004618. [Medline] [CrossRef]

Nishioka N, Inoue K, Adachi K, Kiyonari H, Ota M, Ralston A, Yabuta N, Hirahara
S, Stephenson RO, Ogonuki N, Makita R, Kurihara H, Morin-Kensicki EM, Nojima
H, Rossant J, Nakao K, Niwa H, Sasaki H. The Hippo signaling pathway components
Lats and Yap pattern Tead4 activity to distinguish mouse trophectoderm from inner cell
mass. Dev Cell 2009; 16: 398-410. [Medline] [CrossRef]

Ralston A, Rossant J. Cdx2 acts downstream of cell polarization to cell-autonomously
promote trophectoderm fate in the early mouse embryo. Dev Biol 2008; 313: 614-629.
[Medline] [CrossRef]

Wu G, Gentile L, Fuchikami T, Sutter J, Psathaki K, Esteves TC, Aratzo-Bravo MJ,
Ortmeier C, Verberk G, Abe K, Schéler HR. Initiation of trophectoderm lineage speci-
fication in mouse embryos is independent of Cdx2. Development 2010; 137: 4159-4169.
[Medline] [CrossRef]

Bou G, Liu S, Sun M, Zhu J, Xue B, Guo J, Zhao Y, Qu B, Weng X, Wei Y, Lei L, Liu
Z. CDX2 is essential for cell proliferation and polarity in porcine blastocysts. Develop-
ment 2017; 144: 1296-1306. [Medline] [CrossRef]

38.

39.

40.

41.

42.

43.

44,

45.

46.

165

Goissis MD, Cibelli JB. Functional characterization of CDX2 during bovine preimplanta-
tion development in vitro. Mol Reprod Dev 2014; 81: 962-970. [Medline] [CrossRef]
Cao S, Han J, Wu J, Li Q, Liu S, Zhang W, Pei Y, Ruan X, Liu Z, Wang X, Lim
B, Li N. Specific gene-regulation networks during the pre-implantation development of
the pig embryo as revealed by deep sequencing. BMC Genomics 2014; 15: 4. [Medline]
[CrossRef]

Yu FX, Zhang Y, Park HW, Jewell JL, Chen Q, Deng Y, Pan D, Taylor SS, Lai ZC,
Guan KL. Protein kinase A activates the Hippo pathway to modulate cell proliferation
and differentiation. Genes Dev 2013; 27: 1223-1232. [Medline] [CrossRef]

Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, Xie J, Ikenoue T, Yu J, Li L, Zheng P,
Ye K, Chinnaiyan A, Halder G, Lai ZC, Guan KL. Inactivation of YAP oncoprotein by
the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes
Dev 2007; 21: 2747-2761. [Medline] [CrossRef]

Hirate Y, Hirahara S, Inoue K, Suzuki A, Alarcon VB, Akimoto K, Hirai T, Hara
T, Adachi M, Chida K, Ohno S, Marikawa Y, Nakao K, Shimono A, Sasaki H.
Polarity-dependent distribution of angiomotin localizes Hippo signaling in preimplanta-
tion embryos. Curr Biol 2013; 23: 1181-1194. [Medline] [CrossRef]

Rayon T, Menchero S, Nieto A, Xenopoulos P, Crespo M, Cockburn K, Caiion S,
Sasaki H, Hadjantonakis AK, de la Pompa JL, Rossant J, Manzanares M. Notch and
hippo converge on Cdx2 to specify the trophectoderm lineage in the mouse blastocyst.
Dev Cell 2014; 30: 410-422. [Medline] [CrossRef]

Cockburn K, Biechele S, Garner J, Rossant J. The Hippo pathway member Nf2 is
required for inner cell mass specification. Curr Biol 2013; 23: 1195-1201. [Medline]
[CrossRef]

Frum T, Murphy TM, Ralston A. HIPPO signaling resolves embryonic cell fate con-
flicts during establishment of pluripotency in vivo. eLife 2018; 7: 7. [Medline] [CrossRef]
Lorthongpanich C, Messerschmidt DM, Chan SW, Hong W, Knowles BB, Solter D.
Temporal reduction of LATS kinases in the early preimplantation embryo prevents ICM
lineage differentiation. Genes Dev 2013; 27: 1441-1446. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/9851926?dopt=Abstract
http://dx.doi.org/10.1126/science.282.5396.2072
http://www.ncbi.nlm.nih.gov/pubmed/22529382?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1201595109
http://www.ncbi.nlm.nih.gov/pubmed/18083014?dopt=Abstract
http://dx.doi.org/10.1016/j.mod.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17913785?dopt=Abstract
http://dx.doi.org/10.1242/dev.010223
http://www.ncbi.nlm.nih.gov/pubmed/25340657?dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1004618
http://www.ncbi.nlm.nih.gov/pubmed/19289085?dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18067887?dopt=Abstract
http://dx.doi.org/10.1016/j.ydbio.2007.10.054
http://www.ncbi.nlm.nih.gov/pubmed/21098565?dopt=Abstract
http://dx.doi.org/10.1242/dev.056630
http://www.ncbi.nlm.nih.gov/pubmed/28219949?dopt=Abstract
http://dx.doi.org/10.1242/dev.141085
http://www.ncbi.nlm.nih.gov/pubmed/25251051?dopt=Abstract
http://dx.doi.org/10.1002/mrd.22415
http://www.ncbi.nlm.nih.gov/pubmed/24383959?dopt=Abstract
http://dx.doi.org/10.1186/1471-2164-15-4
http://www.ncbi.nlm.nih.gov/pubmed/23752589?dopt=Abstract
http://dx.doi.org/10.1101/gad.219402.113
http://www.ncbi.nlm.nih.gov/pubmed/17974916?dopt=Abstract
http://dx.doi.org/10.1101/gad.1602907
http://www.ncbi.nlm.nih.gov/pubmed/23791731?dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2013.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25127056?dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2014.06.019
http://www.ncbi.nlm.nih.gov/pubmed/23791728?dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2013.05.044
http://www.ncbi.nlm.nih.gov/pubmed/30526858?dopt=Abstract
http://dx.doi.org/10.7554/eLife.42298
http://www.ncbi.nlm.nih.gov/pubmed/23824537?dopt=Abstract
http://dx.doi.org/10.1101/gad.219618.113

