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Abstract

Understanding how the first cell fate decision has chosen is a fascinating biological question that
was received consider attention over the last decade. Numerous transcription factors are required,
and many have been shown to have essential roles in this process. Here we reexamine the function
that transcription factors play primarily in the mouse—the model system most thoroughly
examined in this process. We address how the first embryonic lineage is established and
maintained, with a particular emphasis on subsequent trophectoderm development and the role of
the recently established Arid3a transcription factor in this process. In addition, we review relevant
aspects of embryonic stem cell reprogramming into trophoblast stem cells —the equivalent of the
epiblast (inner cell mass) and the establishment of induced trophoblast stem cells—the /n vitro
equivalent of the trophectoderm.
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3. Introduction

During early embryogenesis, the totipotent single cell zygote undergoes a sequence of cell
divisions accompanied by distinct cellular, molecular, and epigenetic changes. This leads to
blastocysts that develop according to the cell fates of partitioning cells [1-3]. These cells
develop into three morphologically distinct lineages by the late blastocyst stage of
preimplantation [4,5]. The outer layer of the late blastocyst, or trophectoderm (TE), will
develop into the placenta and invade the maternal endometrium to form the intervillous
space that links the growing fetus to the mother [6] (Figure 1). The inner layer of the
blastocyst, the inner cell mass (ICM), later differentiates into two distinct lineages: The inner
epiblast (EPI) cells and an outerlayer of primitive endodermal (PE) cells facing the
blastocoel [7,8]. While PE cells are restricted to the yolk sac, EPI cells can give rise to all
adult tissues [6]. From the aforementioned cell lineages, three types of stem cells are
established: (1) trophoblast stem (TS) cells from the TE, (2) extra embryonic endoderm stem
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(XEN) cells from the PE, and (3) embryonic stem (ES) cells from the EPI or earlier stages of
the ICM [9,10]. These stem cells serve as invaluable /n vitro model systems that help
illuminate the mechanisms underlying early embryogenesis, as well as lineage
specifications, and ultimately will enable stem cell therapies which can be used to treat
numerous disorders and injuries.

4. Overview of Preimplantation Development

During the initial rounds of zygotic cleavage, the cells are morphologically identical and are
distributed symmetrically within the embryo until compaction at the eight-cell (morula)
stage, during which these cells become adhesive and polarized [11,12]. Junctional
complexes are gradually formed at apicolateral and lateral sites, followed by polarization of
outer cells [13]. Compaction and polarization during the morula stage generate cellular
asymmetry, leading to the regression of totipotency and the formation of the polarized outer
and apolar inner compartments—the TE and the ICM, respectively [14]. This segregation
process is termed the first cell fate decision, after which these two groups of cells diverge
sharply in terms of transcriptional and epigenetic regulation during development [2,15,16].
Mouse and human embryos undergo similar embryonic developmental processes, although
the timeline to reach the blastocyst is delayed and in humans this occurs as Embryonic (E)
day 6 and in mice, E3.5 [17].

Despite studies that have advanced our understanding of embryogenesis over recent years, it
is still not well-understood how this essential cell fate decision is controlled by signaling
pathways as well as by global transcriptional and epigenetic regulatory mechanisms.

5. The First Cell Fate Decision: Inner Cell Mass (ICM) and Trophectoderm

(TE)

Both cell polarity and position in the embryo influence the first cell fate decision. Upon
blastocyst formation, the cleavage plane and polarization axis are perpendicular, resulting in
the formation of inner apolar and outer polar cells [18,19]. Inner apolar cells are progenitors
of the pluripotent ICM, which can engender all three germ layers; i.e., the mesoderm,
endoderm, and ectoderm, whereas the outer polar cells are antecedents of the multipotent TE
that can be differentiated into all cell types of the placenta [20]. In addition, cell polarity and
cell position cross-regulate one another, as transplantation of inner cells to an outside
position results in polarization and adaption to the TE fate. On the other hand,
downregulation of key polarity molecules such as aPKC (atypical protein kinase C) and
PARD3 (par-3 family cell polarity regulator) promotes allocation of the cells to inner parts
of blastocysts [21,22]. Although segregation of the ICM and the TE becomes apparent as
polarization of blastomeres occurs, cells are not yet fully committed toward ICM or TE
lineages at the 16-cell stage [14]. Manipulation of the cells at this stage can alter their cell
fate; thus, they are still plastic and totipotent. Cell fate is further determined by signaling
cascades of environmental cues, followed by changes in transcriptional activities coupled
with selective epigenetic marks.
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The mechanisms underlying the first cell fate decision are remarkably complex and remain
poorly understood. Recent studies identified substantial changes in the transcriptome during
the first cell fate decision, suggesting important roles for transcription factor (TF) activities
[23]. In addition, microRNAs (miRNAs) and epigenetic regulators regulate specification
[24,25].

6. Transcriptional Regulation

TFs play crucial roles during the development of the blastocyst. Importantly, some TFs show
restricted expression patterns associated with the segregation of the ICM and the TE. For
example, Nanog and Oct4 (Pou5fI) are expressed in ICM cells, but not in TE cells, while
Cdx2 is exclusively expressed in the TE [26,27]. These exclusively expressed TFs not only
serve as markers to distinguish between the ICM and the TE, but also play crucial roles in
first cell fate determination.

Oct4 and Cdx2 currently are considered to be the master regulators of the first fate decision
based on their respective mutant phenotypes, distinctive gene expression patterns, and
differential functions at the molecular level [28]. Initially, Oct4 and Nanog were identified as
critical factors required for forming and maintaining the ICM, because they become
restricted to the ICM cells of the blastocyst [29,30]. However, subsequent genetic studies in
mice revealed that both Oct4 and Nanog knockout (KO) embryos formed blastocysts without
obvious developmental defects [26,29]. Yet, ES cells, the in vitro counterpart of the ICM,
cannot be easily derived from the ICM of these mutant embryos, nor do they behave as
typical ES cells. For example, ES cells from Oct4-KO embryos tend to differentiate into the
extraembryonic trophoblast lineages, whereas ES cells from Nanog-KO embryos are prone
to death via apoptosis [29,31]. These results suggested that Oct4 and Nanog are, instead, key
regulators of pluripotency and self-renewal [32]. Consistent with these observations, recent
genome-wide mapping of pluripotency factors, including Oct4, Sox2, and Nanog in ES cells,
revealed that these pluripotency ICM factors tightly maintain their expression levels in the
interwoven transcriptional gene regulatory network to auto-regulate and control one another
through a feed-forward regulatory loop. The pluripotency network requires many additional
TFs, epigenetic regulators, and miRNAs [32,33].

On the other hand, Cdx2, a key TF in the generation of the TE, was first detected at the
eight-cell stage of the embryo [34]. Cdx2 is exclusively expressed within cells of the outer
embryonic segment, while no expression is observed within the ICM. Cdx2-KO embryos
can initiate lineage commitment, but cannot maintain a blastocyst due to a lack of epithelial
integrity in their outside cells [27]. Thus, Cdx2 is crucial for both epithelial identity and
trophoblast multipotency. In addition to Cdx2, other TE-specific TFs, including Eomes,
Gata3, and Tfap2c, are also solely expressed in the TE [35-37]. Unlike Cdx2, embryos
deficient in any of these factors are able to form a blastocyst, but fail after implantation due
to defects in more differentiated placental tissues. These results indicated that these factors
are required during later stages of TE development. Deletion of another TE-specific factor,
Tead4, resulted in preimplantation lethality, suggesting that its function is upstream of Cdx2
[38]. Tead4-KO embryos failed to activate TE-specific genes, including Cdx2, [38,39]. Thus,
Tead4 is crucial for TE development [38]. During the process of TE specification, Tead4
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cooperates with its co-activator, Yap1l, to activate TE-specific genes [40]. Likewise, Gata3
participates in TE development, downstream of Tead4 but in parallel to Cdx2 [37,41]. In
addition to TFs, Fgf signaling, mediated upstream by Ras/Erk signaling, is essential for
trophoblast expansion and the sequential induction of TE-specific TFs [42,43]. ICM-specific
TFs positively regulate one another, and the same is observed for TE-specific TFs. Indeed,
ICM-specific TFs tend to antagonize TE-specific TFs and vice-versa. This is fundamental to
the decision of ICM vs. TE cell fate. For instance, Oct4, Nanog, and Cdx2 directly repress
each other to allow cells to develop into ICM or TE lineages [2,27].

Although our knowledge of the mechanisms underlying ICM and TE segregation has
considerably expanded, many questions remain unanswered. For example, how do the key
TFs interact with epigenetic regulators, such as histone-modifying enzymes and/or
chromatin remodelers, to activate or suppress gene expression? Which additional TFs are
essential for blastocyst development, and what are the critical downstream targets of these
TFs? How are these factors themselves regulated within the pluripotency or TE-specific
networks? Answers to these central questions are required to fully elucidate the fundamental
mechanisms underlying pluripotency of the ICM and multipotency of the TE lineages, as
well as to advance stem cell-based future cell therapies.

7. Epigenetic Regulation

From zygote to blastocyst formation, the epigenome, including DNA methylation and
histone modifications, changes dramatically, and these changes strongly influence
developmental potential [44,45]. Asymmetric epigenetic marks are tightly associated with
the segregation between the ICM and TE [46]. Recently, DNA methylation and histone
modifications have been shown to be indispensable for growth and differentiation of the
extra embryonic lineages [47,48]. In mammals, sperm and egg DNA are highly methylated
as compared to somatic cells, yet most of this methylation disappears during
preimplantation, after which the embryo undergoes de novo methylation. Methylation-
deficient (Dmtl, Dmt3a or Dnmt3b KO) mice are lethal at mid-gestation. An important stem
cell mechanism that relies on active DNA demethylation is associated with the global growth
arrest and DNA-damage-inducible GADD45A. Indeed, these and other DNA methylation
are useful markers in characterizing different types of pluripotent and differentiated cells.

In particular, histone methylation signatures such as H3K4me3 and H3K27me3 are enriched
at the promoters of ICM-specific genes exclusively expressed in ICM and TE-specific genes
that are highly expressed in TE [49]. Distribution of H3K27me3 and H3K9me3 in ICM and
TE are correlated with lineage specification to embryonic versus extra embryonic tissues
[50]. For example, a histone methyltransferase enzyme, ESET, maintains pluripotency of the
ICM through catalyzing a repressive H3K9me3 mark at the promoter of Cdx2 [51-53]. In
contrast, within the TE lineage, methyltransferase Suv39h mediates H3K9me3 at regulatory
regions of ICM-specific genes [50,54]. Each of these histone modifications cooperates with
developmental-specific TFs to mediate spatial and temporal expression of lineage-specific
genes.
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There are a number of “outliers” of the above families that have been shown to be essential
in establishing the first fate decision. For example, Zhou et al. [55] found that DNA
methylation was programmed by the pattern of appearance of DNA 5mC and 5hmC
epigenetic modifications. Loss of the catalyst for this reaction, MBD3, retains ES cells in
their pluripotent state unable to commit to downstream lineages [56]. Similarly, the NuRD
complex this blocks reprogramming of somatic cells to pluripotent stem cells. And indicates
a context-dependent manner of MBD3/NuRD collaboration in facilitating pluripotency and
stemness [57]. Finally, the COREST2 complex shown to regulate ESC proliferation and
pluripotency, also is critical for during neuronal differentiation [58].

8. Signaling Pathways

The Hippo signaling pathway regulates cell fate during embryonic development in position-,
cell-polarity-, and density-dependent manners [59]. After the 16-cell stage, Tead4, a
downstream effector of Hippo signaling, is active in outer polar cells to promote TE
development [38]. In contrast, cell-cell interactions in the inner apolar cells activate the
Hippo pathway, which sequesters Yap1 in the cytoplasm, prevents co-activation with Tead4,
and promotes the ICM fate. Although Hippo signaling is spatially regulated at the 16-cell
stage, segregation of ICM and TE fate is not clearly patterned until the 32-cell stage. This
may be due to another signaling pathway, the Notch pathway, which activates TE-specific
genes. A key component of Notch signaling, RBPJ (also known as CBF1), is stochastically
activated up to the morula stage and gradually becomes restricted to the outer cells around
the 32-cell stage [60].

Thus, the Notch and Hippo pathways cooperate to establish segregation of the ICM and TE
—events observed at the 32-cell stage [61]. Ultimately, crosstalk between multiple signaling
pathways such as Hippo and Notch, as well as the MAPK pathway, regulates cell fate
determination in preimplantation embryos. However, further studies are needed to fully
appreciate the constellation of regulatory inputs required for lineage specification at this
critical developmental time point.

9. Second Lineage Specification in Preimplantation

Shortly after the first cell fate decision, ICM cells differentiate into the EPI and PE lineages
—a transition known as the second lineage specification. This differentiation is mediated
through FGF/MAPK signaling and differential expression of key TFs, including Nanog and
Gatab [62-64]. FGF signaling orchestrates reciprocal repression of TFs specific for the EPI
and PE lineages [65]. Nanog and Gata6, which are expressed in all ICM cells until the 32-
cell stage, become restricted to either the EPI or PE, respectively. Additional TFs, including
Gata4 and Sox17, also contribute to specification of EPI versus PE lineages within the
mouse ICM [66,67]. While the expression profiles of these TFs are conserved between
human and mouse [68], human embryos are not dependent upon FGF signaling. This
suggests that alternative, as yet undiscovered, signaling pathways are critical for second fate
specification in human embryos.
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10. Terminal Trophectoderm Differentiation

The TE ultimately differentiates into all the specialized cells of the placenta. The placenta
nourishes and safeguards the fetus during pregnancy by mediating exchange of nutrients,
gases, and waste between mother and fetus, as well as providing immune protection and
secretion of growth factors and pregnancy-dependent hormones [69,70]. Placental health is
essential for a successful pregnancy. In mice, placental tissues are composed of multiple
specialized cell types, including trophoblast giant cells, spongiotrophoblasts, and syncytial
trophoblasts [69,71]. The failure of normal TE development can cause mortality and
developmental defects not only during pregnancy, but also after birth [72].

Despite its crucial importance to pregnancy health, the molecular basis of preimplantation is
poorly understood. Thus, the discovery of biomarkers of early placental development will
not only serve as diagnostic markers in gynecology, but also will catalyze the development
of treatments to save maternal and fetal lives from pregnancy-related disorders.

11. Embryonic Stem (ES) Cells: In Vitro Model Systems of Early
Embryogenesis

Stem cells are self-renewing (i.e., capable of continual duplication) and either multipotentor
pluripotent; i.e., capable of differentiation into other, more specialized cell types. Each of the
blastocyst lineages discussed above can be used to derive stem cells that can be grown in
culture, which under appropriate culture conditions, can indefinitely self-renew and be
induced to differentiate /7 vitro or be incorporated into a developing embryo ex-vivo.

Embryonic stem (ES) cells were first derived from the ICM of mouse blastocysts [73,74]. To
maintain their self-renewal and pluripotency, they are cultured either on feeder layers of
mouse embryonic fibroblasts (MEFs), without feeders in the presence of leukemia inhibitory
factor (LIF) or under serum-free conditions supplemented with Mek and GSK3 kinase
inhibitors (this latter condition is termed “2i”") [74,75]. The combination of 2i and LIF
sustains the self-renewing “ground state”; i.e, a basal proliferative state that is free of
epigenetic restriction and has minimal requirements for extrinsic stimuli. Intensive studies
have revealed that mouse ES cells express many critical factors, including stage-specific
embryonic antigens (SSEA-1 and SSEA-3) and TFs that are required for early ICM
development, such as Oct4, Sox2, and Nanog [76,77]. ES cells are karyotypically stable,
capable of generating chimeras in transgenic mice, and able to form ectoderm, endoderm,
and mesoderm in culture; but they cannot contribute to the TE lineages of the placenta [78].

Several years after mouse ES cells were established, human ES cell lines were derived that
share some of the conserved features [73]. Similar to mouse ES cells, human ES cells
require an OCT4/SOX2/NANOG regulatory module [32]. Both cells also express surface
markers such as SSEA-3, SSEA-4, and TRA-1, as well as other critical, conserved
components, including epigenetic regulators, miRNAs, and signaling molecules. However,
key differences exist. For example, human ES cells do not require the LIF growth factor for
self-renewal [79,80]. More importantly, human ES cells display transcriptional and
epigenetic profiles more similar to those of mouse epiblast stem cells (EpiSC) which are

J Dev Biol Regen Med. Author manuscript; available in PMC 2018 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhee et al.

Page 7

derived from the epiblast of the inner cell mass [81]. Although controversial, it has been
suggested that human ES cells, are able to differentiate into TE/trophoblast stem (TS)-like
cells under appropriate culture conditions [82—84]. Further studies are required to establish
interspecies differences between mouse and human.

12. The Pluripotency Transcriptional Network

Genetic studies in combination with high-throughput knockdown (KD) screening revealed
that many critical regulators (including sequence-specific TFs, chromatin modifying
enzymes, chromatin remodelers, miRNAs, and non-coding RNAS) are indispensable for
maintaining self-renewal and pluripotency [85,86]. Genome-wide target mapping of
sequence-specific TFs has unveiled a “core transcriptional network” of essential
pluripotency TFs (Oct4, Sox2, and Nanog) as well as additional TFs with partially redundant
activities (e.g., KIf4, Esrrb, and Thx3) [77,87-89].

Oct4 is the key master regulator that sits atop of the hierarchy of the pluripotency regulatory
network. Both self-renewal and developmental potential of ES cells are highly sensitive to
either up-or down-modulation of Oct4 expression. For example, Oct4-“high” cells are more
prone to differentiate into the primitive endoderm, whereas Oct4-“low” cells tend to
differentiate into TE lineages [31]. Sox2 is a well-known interaction partner of Oct4, and
alteration of Sox2 levels also disrupts the pluripotency of ES cells. For instance, Oct4- and
Sox2-KO ES cells neither self-renew nor trans-differentiate/reprogram to TE lineages [90].
Within the pluripotency network, Oct4 and Sox2 positively regulate one other and co-occupy
the vast majority of active transcriptional enhancers of ES cell-specific genes.

In addition to the activation of pluripotency genes, development-related genes must be
suppressed to maintain self-renewal in ES cells. Some pluripotency factors exert such
repression by occupying key gene regulatory regions. In addition, histone modifying
enzymes and histone remodeling complexes such as Hdacl, Mtal, and Mbd3 (the NURD
complex) as well as the Polycomb (PRC1 and PRC2) and SWI/SNF (Brgl and Baf155)
complexes are required for this critical developmental gene repression [91,92]. In particular,
most developmental genes are marked by a “bivalent” histone signature consisting of both
H3K4me3 and H3K27me3; this is considered to be the “poised status” for rapid activation
upon differentiation [93].

In summary, key ES cell-specific TFs orchestrate transcriptional gene activation and
repression in conjunction with chromatin regulators within the pluripotency network to
sustain self-renewal and pluripotency of ES cells.

13. Trophoblast Stem (TS) Cells

TS cells can be isolated from the polar TE of mouse embryos and maintained in a
proliferative and undifferentiated state /n vitro in the presence of Fgf4 (fibroblast growth
factor 4) along with its cofactor, heparin and a feeder layer of MEFs [94]. TS cells are both
self-renewing and multipotent. Upon withdrawal of Fgf4, the vast majority of cells undergo
terminal differentiation to trophoblast giant cells, while a small portion of cells differentiate
into other trophoblast lineages, including spongiotrophoblasts and labyrinthine cells.
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Following their injection into an early embryo, TS cells can participate in the development
of chimeras in which they contribute exclusively to trophoblastic components of the placenta
and parietal yolk sac [95]. This is in stark contrast to ES cells, whose contributions are
restricted to the three germ layers.

Multiple TFs, serum factors, and signaling pathways, such as Ras/Mapk signaling, maintain
the self-renewal and multipotency of TS cells by upregulating TS-specific TFs such as
Eomes (which only requires one of the two signaling pathways) and Cdx2 (which requires
both) [96]. In contrast to the molecular details underlying ICM and ES cell biology,
placentation, including TE differentiation, is poorly understood, despite its critical
importance for successful mammalian reproduction. Importantly, human TS cells are not yet
available, mainly due to ethical issues, such as the necessity of destroying human embryos.

Spontaneous differentiation of human ES cells to the TE lineage (termed “trans-
differentiation”) can occur at only low frequency. Thus, a common method to induce trans-
differentiation is via BMP4 treatment of ES cells [82]. BMP4 down-regulates the expression
of OCT4, SOX2, and NANOG in ES cells, thus promoting their conversion to TS-like cells
through the induction of TS cell-specific TFs, including TEAD4 and GATAS3. Despite
dramatic changes in cell morphology and global gene expression that are similar to the
human TE, these TS-like cells are mixed cultures that express TE, mesodermal and vascular
endothelial cell markers [84]. These data suggest that BMP4 treatment alone is insufficient
to induce complete trans-differentiation to the TE lineage.

Although as yet not fully successful, a number of attempts have been made to induce human
TS-like cells from ES cells by inhibiting the Activin/Nodal pathway or by the addition of
Fgf2 [97,98]. Success in this area is essential for developing a well-characterized model of
human TS cell differentiation to understand early human placentation and inform therapeutic
interventions for pathological pregnancies.

14. Core TS Cell-specific Transcription Factors

A group of key TS-specific TFs, including Tead4, Cdx2, Gata3, Eomes, EIf5, and Tfap2c,
positively regulate one another to orchestrate TS cell-specific gene expression [41,99]. In
contrast to ES cells, TS cells do not require the LIF-Stat3 signaling pathway; instead, they
need Ras/Mapk and Nodal signaling to maintain self-renewal [100]. Notably, depletion of
any one of the above subset of TFs leads to lethality of the mouse embryo due to defects in
proper TE differentiation [37,38,101-103]. In addition, enforced expression of Gata3 and
EIf5 in TS cells abrogated TS self-renewal. Thus, the precise levels are crucial for the
balance between self-renewal and differentiation.

Genetic studies in mice further revealed regulatory hierarchy among several TS cell-specific
TFs. Tead4, the most “upstream” factor of this series, controls the level of Cdx2, Eomes, and
EIf5 [28,41,104]. Functional and mechanistic studies further disclosed that Cdx2 not only
auto-regulates itself but also is controlled by multiple TS cell-specific TFs, such as Gata3,
Eomes, and Tfap2c. Unfortunately, only a few TS cell-specific regulators have been
identified. Furthermore, exhaustive mapping of genome-wide DNA binding sites of TS cell-
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specific TFs has not been achieved, and epigenetic regulation of TE gene expression remains
relatively uncharacterized. Many questions remain unanswered, including: How do these TS
cell-specific TFs control self-renewal and modulate differentiation of TS cells toward more
specialized placental cell types? How do these TFs interact with their DNA targets or with
histone modifying enzymes and remodelers? These central questions constitute a major
challenge for future investigation.

15. Cross Talk between Pluripotency and Epigenetic Factors in ES and TS

Cells

Balancing pluripotency TF expression with their epigenetic modification is critical in
maintaining “stemness” of ES cells. Epigenetic regulators, such as the Polycomb (eg., Eed,
Ezh2 and Suz12) and MLL (Wdr5 and Ash2l) complexes are positively regulated by Oct4/
Sox2/Nanog [105-107]. Both complexes are required to keep lineage-specific genes
silenced. Genome-wide DNA methylation patterns mediated by the Ten-Eleven
Translocation (TET) DNA methyltransferases (DNMTS) also maintain ES cell identity
[108].

Unlike ES cells, only a few histone modifications have been globally investigated in TS
cells. Among those, the levels of H3K27me3 appear to be globally lower in TS cells than in
ES cells [109]. This is probably linked to the low expression levels of Eed, a component of
the Polycomb complex responsible for H3K27me3 signatures. In addition, ChIP-seq
analyses revealed that the few TS-cell genomic regions enriched for H3K27me3 are only
rarely localized near transcriptional start sites. Moreover, H3K27me3/H3K4me3 bivalent
domains, which restrain the expression of developmental genes in ES cells, are relatively
rare in TS cells [109]. However, a recent study did show the existence of bivalency in TS
cells [110]. Thus, further investigation is needed to understand TS cell biology at an
epigenetic level.

16. Extraembryonic Endoderm Stem (XEN) Cells

For many years, mouse ES and TS cells have been used as model systems for ICM/EPI or
TE biology to study mechanisms of embryonic and placental development, respectively
[74,94]. Recently, XEN cells have been successfully derived from mouse blastocysts at E3.5
[111]. As with other stem cells, XEN cells can propagate indefinitely /in vitro, while
maintaining their ability to contribute to extraembryonic endodermal lineages after injection
into blastocysts ex vivo. Although Gata6 and Gata4 are known to be the key XEN-specific
TFs, these TFs are not homogeneously expressed within populations of XEN cells
[112,113]. It remains unclear whether this heterogeneity represents distinct XEN cell types.
XEN cells are emerging as a useful stem cell model and provide another layer of control in
developmental biology.

17. Reprogramming

Cellular reprogramming is the process that allows the conversion of one specific cell type to
another. Nuclear reprogramming, first established using frog embryos, ultimately enabled
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animal cloning via somatic cell nuclear transfer [114,115]. This technique relies on de-
differentiation of (assumedly) terminally differentiated cells into a stem-like state; thus,
refuting the principle of irreversible cellular differentiation. Though powerful, nuclear
reprogramming has extremely low efficiency [116]. Whereas direct reprogramming, in
which target cells are delivered as TFs, miRNAs, or chemical compounds, can cause
dramatic changes in morphology, global gene expression, and epigenetic marks [117,118].
This technique is far more efficient than nuclear reprogramming, although its mechanism(s)
remains incompletely understood.

18. Transcription Factor-Mediated Direct Reprogramming

The first instance of successful direct reprogramming was the conversion of fibroblasts into
muscle cells by ectopic expression of the MyoD TF [119]. Subsequently, Yamanaka’s group
in Japan established a protocol for the generation of “induced” pluripotent stem (iPS) cells
by the overexpression in fibroblasts of a handful of TFs (Oct4, Sox2, KIf4, and c-Myc )
[120]. As with ICM-derived ES cells, iPS cells are self-renewing and pluripotent. Their
successful exploitation overcomes the ethical issues in deriving ES cells from developing
human embryos, thereby paving the way to develop future patient-specific stem cell
therapies. For instance, patient-specific iPS cells may be generated from fibroblasts of a
patient donor (e.g., a sufferer of Alzheimer’s disease) followed by the correction of genomic
mutations by genome editing approaches. These genome-edited “normal” cells then can be
re-introduced into patients. In addition to iPS cells, numerous studies have recently reported
defined TF-mediated cell type conversions in a broad range of cell types, including fully
functional induced neural (iN) cells and induced cardiomyocytes (iCMs) [118,121].

Mouse ES cells can be directly reprogrammed into extraembryonic lineages by the over
expression of single TFs, such as Cdx2 or Gata6, to derive TS- and XEN-like cells,
respectively [28,122]. The morphology and global gene expression patterns of TS-and XEN-
like cells are highly similar to their counterpart genuine cells, suggesting that TF-mediated
reprogrammed cells may acquire proper epigenetic characteristics /n vitro.

Although TF-mediated reprogramming from numerous cell types is possible, substantial
obstacles remain, including inconsistencies in differentiation potential. This suggests that
there are still yet-to-be discovered TFs and/or epigenetic regulators necessary to augment the
efficiency and speed of reprogramming. In this regard, it has become possible to reprogram
mouse fibroblasts into induced trophoblast stem (iTS) cells by introducing a handful of TFs,
including Eomes, Gata3, Tfap2c, and Ets2 or Myc [123,124]. It is critical that further
development of mouse model protocols are efficiently translated to the human system.

19. Mechanisms of Direct Reprogramming

Reprogramming requires that cell-type specific genes of the original cell type must be
repressed, while those of the target cell type must be activated. The mechanism of how this
occurs is poorly understood; particularly the repression aspect. Reprogramming to iPS cells
can be broadly divided into two gene activation phases: a long, stochastic phase followed by
a shorter deterministic phase [125]. At first, cells undergo increased proliferation and
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alteration in histone modification to initiate mesenchymal-to-epithelial transition. Later, cells
enter an intermediate phase followed by long latency of the process. In this late phase, cells
stochastically undergo an epigenetic “reset”, as well as activation of their target-specific
transcriptional network to stabilize the reprogrammed cells.

Another well-established gene activation mechanism accompanying reprogramming is the
ability by which ectopically expressed TFs act as “Pioneer” Factors [126]. Pioneer factors
initially bind to closed chromatin of genes specific to the target cell type. Once bound,
pioneer factors interact with chromatin modifying enzymes or remodeling complexes to
convert closed chromatin into open chromatin, thereby de-repressing target cell-specific
genes. For example, in reprogramming, Oct4, Sox2, and KIf4 function as pioneer factors by
accessing closed chromatin of distal regulatory elements of pluripotency genes, such as
Esrrb and Sall4 [127]. Ascll, a TF capable of converting fibroblasts to iN cells, also
functions as a pioneer factor [118]. Thus, the pioneer concept extends beyond the
reprogramming of a single target.

Recently insights have been gained into the process of reprogramming, including the finding
that cells undergo defined sequential molecular events in an apparently stochastic manner.
These events are influenced by the choice and number of TFs, as well as the starting cell
type. Many questions remain unanswered; in particular, how do ectopically expressed TFs
mediate gene repression?

20. ES to TS-Like Cell Fate Conversion Under Arid3a Transcriptional

Control

ES cells can be trans-differentiated to TS-like cells that are highly similar to genuine
multipotent TS cells with respect to morphology and global gene expression [128]. This
provides an informative /in vitro model for the investigation of factors and the mechanisms
underlying the first cell fate decision. Several methods promoting ES to TS-like cell
conversion have been reported, including KD of Oct4 and induction of trophoblast-specific
TFs in ES cells [31]. Ectopic expression of components implicated in the Ras/Erk signaling
pathway also induces conversion of ES to TS-like cells [96]. However, the mechanisms by
which ES cell-specific genes are repressed, while cell-specific genes are activated by these
diverse manipulations, have remained elusive. Unfortunately, TS-like cells obtained through
KD of Oct4 or induction of TE-specific TFs in ES cells do not recapitulate all properties of
genuine TS cells. However, such TS-like cells do show upregulation of core TS cell-specific
regulators and incorporation into the TE of developing embryos, where they contribute to
placental lineages ex vivo [28,129].

Work from our own group demonstrated that over expression of a single TF, Arid3a results
in trans-differentiation of ES cells to TS-like cells, even under ES cell culture conditions
[129]. Arid3a was initially identified as a transcriptional activator of B-lymphocyte
development [130]. However, several somatic cell types from rare survivors of conventional
Arid3a KO mice were developmentally plastic with the capacity to differentiate into multiple
lineages [131]. We later observed that Arid3a enhanced standard four factor reprogramming
of MEFs and was alone capable of spontaneously forming stable, fully reprogrammed iPS-
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like cells [132]. Subsequently Rhee, et al. [129] observed that Arid3a is not only required for
the maintenance of self-renewal of TS cells, but also promoted further trophoblastic lineage
differentiation. Consistent with these /in vitro results, Arid3a—/- mice suffer severely
impaired post-implantation development, which results in early embryonic lethality [129].
Mechanisms underlying this essential Arid3a function include regulated nuclear entry-
export, HDAC-mediated deacetylation of target genes, and regulation of embryonic
hematopoiesis (Figure 2).

Similar to what we observed in the mouse, transient induction of ARID3A into human ES
cells up-regulated TE-associated factors such as GATA3 and TFAP2C while down-
regulating levels of OCT4 and NANOG [133]. Thus, the regulatory function of Arid3a
during placental development appears to be conserved in humans, and Arid3a has emerged
as a pivotal regulator of TE and placental development by regulating commitment to the first
cell fate as well as by the execution of TE lineage differentiation.

Our current studies have been focused on the mechanisms underlying Arid3A-mediated
trans-differentiation/direct reprogramming of mouse ES to TS-like cells. We addressed this
mechanism specifically via the TS cell-specific TFs Cdx2, Arid3a, and Gata3 (CAG factors)
[134]. We carried out time—course profiling of chromatin accessibility, transcriptomes, and
occupancy of reprogramming factors during direct ES to TS-like cell conversion. We
discovered that CAG factors orchestrate conversion via a two-step mechanism (Figure 3): 1)
initial repression of ES cell-specific genes by decommissioning of active enhancers and 2)
direct activation of TS cell-specific genes via accession of closed chromatin by employing
different DNA binding motifs during reprogramming. Our data [134] support a sequential
gene regulation mechanism in which the exit of ES cells from pluripotency states is followed
by the activation of TS cell-specific genes, leading to the conversion of ES cells to
multipotent TS-like cells.

21. Conclusions and Future Perspectives

Although it has been established that at least 9 TFs play critical roles in the first cell fate
decision, it is unknown when and how epigenetic marks arise and fade during this crucial
point in development. It is also unknown what role such marks play during ES to TS-like
cell reprogramming. This is vital to consider, as histone modifications have strong
implications for gene expression by promoter silencing, RNA polymerase recruitment, and
other mechanisms. This question can be addressed by identifying essential epigenetic
modifiers during the ES to TS-like cell transition, including their target sites within the
genome, and determination of the mechanism(s) by which they are recruited or suppressed
by cell type-specific TFs. Understanding such developmentally regulated epigenetic
signatures will be crucial in unraveling key features of the previously observed epigenetic
plasticity during this transition. Progress in this area is essential for the ultimate goal of
developing safe cell therapies and regenerative medicines.

A more thorough understanding of the signaling pathways governing self-renewal and
multipotency in mouse TS cells also remains a crucial issue. Although the Ras/Mapk and
Nodal signaling pathways are strongly implicated, each participates in “cross-talk” with
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other pathways. Thus, it is vital to establish a signaling network to better understand how
distinct trophoblast lineages are specified—for example, what TF-associated signaling
pathways regulate differentiation to giant cells vs. labyrinthine cells. The benefits of
constructing such a network are numerous. After all, the use of chemical inhibitors that
target specific signaling pathways has allowed the derivation of pluripotent ES cells across
species and facilitated creative approaches to cell reprogramming. Additionally,
understanding signaling in the ES to TS-like cell reprogramming context may enable
development of a chemically defined media to culture and maintain TS cells. This would
eliminate the variability and ethical issues inherent in serum use, as well as link individual
signaling components to vital transcriptional targets.

Derivation of human TS cells, which to date has been unsuccessful, would provide a highly
valuable tool to study genetic and epigenetic control mechanisms of trophoblast
proliferation, differentiation, and function in normal and pathological placentation during
human embryogenesis. Unfortunately, the human implantation process is still poorly
understood. The loss of potential embryos occurs relatively frequently due to the loss of
blastocysts before or around implantation. Thus, it will be essential to decipher how TS cell-
specific TFs are conserved in the human placentation process and to examine how their
deregulation affects serious pregnancy diseases, such as pre-eclampsia. Once viable human
TS cells are generated, they may be used in the future to treat various pregnancy-related
disorders that appear to involve dysregulated trophoblast differentiation.

Paradoxically, despite its fundamental importance, the placenta remains one of the least
understood organs in mammals. There are only a few TFs identified to date that are
implicated in trophoblast lineage specification [134]. This short list includes ARID3A.
Although the ES cell pluripotency network is well-characterized, TS cell regulatory
networks remain insufficiently understood. It remains unknown as to how TS cell-specific
TFs regulate one another to maintain self-renewal and multipotency. We hypothesize that,
analogous to ES cells, TS cells are maintained via positively regulated feedback loops
governed by multiple TS cell-specific master TFs. Perturbations in this network then cause
an exit from multipotency and result in terminal differentiation into specialized placental
cells. This is crucial to consider, as improper or unbalanced differentiation of placental
lineages is a hallmark in placental disorders. Indeed, such differentiation defects also pose
risks for congenital malformations, pre-eclampsia, and miscarriage.

In the age of genome sequencing and massive biological data sets, systems-level approaches
have become increasingly critical for understanding biological processes. Construction of a
TS cell-specific regulatory network would be a great asset to the fields of development,
differentiation, and medicine. It is our great hope that the present studies delineated in this
review may catalyze further advances in placental biology and trophoblast development.
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Morula =——— Blastocyst in vitro

TS cells

Figure 1.
Stem cell cultivation. The zygote undergoes successive divisions to morula and then to

blastocyst. In the blastocyst, the inner cell mass (ICM) develops into the fetus, whereas the
trophectoderm (TE) at its periphery generates the embryonic membranes and placenta.
Embryonic stem (ES) cells and trophoblast stem (TS) cells are derived from the ICM and
TE, respectively. These stem cells can self-renew and differentiate into multiple lineages.
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Embryonic versus trophoblastic lineage choice depends on differential nuclear import and
histone deacetylases (HDAC) association of Arid3a. High level of Arid3a—HDAC1 co-
occupancy is observed at pluripotency-associated loci in Arid3a-overexpressing TS-like
cells. Arid3a—HDACL interaction alters the activity/specificity of HDAC1, leading to
deacetylation of pluripotency-associated nucleosomal histone tails.
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Figure 3.
Two-step mechanism of the CAG factor-mediated reprogramming of ES cells to TS-like

cells. OE of CAG in ES cells initiates ES to TS-like cell reprogramming through changes in
histone signatures on the enhancers. This process is reversible at least at the early stage of
reprogramming.
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