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ISSUES IN DEVELOPMENT

On Mammalian Totipotency:
What Is the Molecular Underpinning
for the Totipotency of Zygote?

Kejin Hu

The mammalian zygote is described as a totipotent cell in the literature, but this characterization is elusive ignoring
the molecular underpinnings. Totipotency can connote genetic totipotency, epigenetic totipotency, or the repro-
gramming capacity of a cell to epigenetic totipotency. Here, the implications of these concepts are discussed in the
context of the properties of the zygote. Although genetically totipotent as any diploid somatic cell is, a zygote seems
not totipotent transcriptionally, epigenetically, or functionally. Yet, a zygote may retain most of the key factors from
its parental oocyte to reprogram an implanted differentiated genome or the zygote genome toward totipotency. This
totipotent reprogramming process may extend to blastomeres in the two-cell-stage embryo. Thus, a revised alter-
native model of mammalian cellular totipotency is proposed, in which an epigenetically totipotent cell exists after
the major embryonic genome activation and before the separation of the first two embryonic lineages.
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Introduction

As A CRITICAL STARTING POINT of a mammalian life, the
zygote is described in the literature as being totipotent
[1-4]. Ostensibly, this characterization seems informative,
considering that a zygote eventually leads to the formation of
all types of cells within an individual as well as all the ex-
traembryonic cells supporting the development of the embryo
proper and fetus. However, close consideration of the im-
plications of totipotency in juxtaposition with the properties
of a zygote calls into question whether a zygote is truly to-
tipotent and whether the use of this term is indeed accurate.

This essay first defines three types of totipotency on the
basis of the molecular underpinnings: genetic, epigenetic,
and the maternally derived biochemical totipotency. My
clarification of different totipotent concepts leads to argu-
ments to support a suggestion that the mammalian zygote is
not totipotent transcriptionally, epigenetically, and func-
tionally although it is totipotent genetically as any other
diploid cells are. Yet, this essay suggests that the zygote
retains significant totipotent reprogramming factors from its
parental oocyte. Finally, I propose that some mouse blas-
tomeres, if not all, from a four-cell embryo, or from an early
eight-cell embryo before its compaction are functionally
and epigenetically totipotent cells.

This article is not intended to survey the literature com-
prehensively. Its focal effort is to define different types of
totipotency with the genetic, epigenetic, and biochemical
underpinnings in mind, and an initial attempt is made to
assign the correct totipotency to the zygote and the early
blastomeres. Because of limited research on other mammals,
this article mainly concerns mouse data, and species will be
clearly specified whenever data from other species are used.

Three Different Molecular Underpinnings
of Totipotency

Totipotency is not well defined so far, and the use of this
term causes some confusion in the field [2,5]. Condic tried
to introduce another term plentipotency [2] and it is later
used by another group [6]; Denker coined the term omni-
potency [7], and Morgani and Brickman proposed to extend
totipotency to some high-quality embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) [5]. The
literature frequently calls the zygote and early blastomeres
totipotent. However, the different molecular bases for zy-
gote and blastomere totipotency have not been discerned.

By strict definition, totipotency is the ability of a single cell
to develop independently into a healthy organism in a per-
missive environment. By a less strict definition, totipotency is
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the potential of a cell to differentiate into any type of cells of
the body as well as any cells supporting the development of a
mammal, including those of placenta and the extraembryonic
membranes [3,8,9]. These loose definitions, as well as the
available alternative proposals, largely overlook the genetic,
epigenetic, and biochemical underpinnings of totipotency.
With the molecular underpinnings considered, the term toti-
potency connotes three fundamentally different concepts: (1)
genetic totipotency, referring to the genetic integrity (or
contents) of a nucleus or a cell irrespective of the functional
status of the genetic materials, active or inactive; (2) the
epigenetic (or functional) totipotency, which is the genetic
competency (or active status) of a cell with its totipotent
genetic determinants active; or (3) the reprogramming ca-
pacity of a cell toward epigenetic totipotency, which is the
biochemical competency of a cell independent of its genetic
compositions and epigenetic status.

Although some sperm proteins may have impact on
development [10], the totipotent reprogramming activity is
generally from the oocyte factors because an enucleated
oocyte without fertilization can reprogram an implanted
fully differentiated nucleus to totipotency and give birth to
a healthy animal (see discussion in The Zygote Has the
Capacity for Reprogramming to Totipotency section, as
well as Box 1 and Fig. 2). In other words, the oocyte has
the full totipotent reprogramming activity without any
contribution from the sperm. For this reason, we may call
the third category maternal totipotency as well. The ma-
ternal reprograming factors may be proteins and/or RNA
from the oocyte reserves. Due to its independence of ge-
netic and epigenetic components, totipotent reprogram-
ming activity in the form of reserve proteins and/or RNA is
not sustainable and cannot be captured or maintained in
cell culture. The former two concepts are the nuclear fea-
tures, while the third one concerns mainly the cytoplasmic
capacity. A genetically totipotent cell may not be so epi-
genetically. Totipotent reprogramming factors may be
different from those for maintenance of the epigenetically
totipotent status. For example, Oct4, a critical factor for the
maintenance of embryonic pluripotency and possibly for
totipotency, is not required for establishment of totipo-
tency, or for induction of embryonic pluripotency [11].
With the different concepts of totipotency defined above,
the relevance of each of these concepts to the zygote is
discussed below.

Genetic Totipotency Is Not Specific
to the Zygote

Before animals were first cloned from nuclei of the fully
differentiated cells of frogs in the 1960s [12-14], it was
posited that cells continuously lose some genetic determi-
nants over the course of development and become perma-
nently restricted in developmental potentials [15]. Only the
germ line cells were thought to retain a complete set of the
genetic constituents [12,16]. In contrast, a then competing
theory, the principle of nuclear equivalence, espoused the
notion that a fully differentiated cell contains exactly the
same genetic materials as does a blastomere or the zygote,
and therefore retains the complete genetic constituents re-
quired for development to a healthy individual [17]. In line
with this latter principle, many animals of different species
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Box 1. SomATIC CELL NUCLEAR TRANSFER
AND ITS APPLICATIONS

Somatic cell nuclear transfer (SCNT) refers to a
technology that a nucleus of a somatic cell is
transferred into an oocyte or egg, whose nucleus is
removed (enucleated oocyte) or inactivated before
implantation of the somatic nucleus (Fig. 2).

The reconstructed egg or embryo by SCNT can then be
cultured in vitro to study early development, repro-
gramming, genetics, biochemistry, and epigenetics.

SCNT plays essential roles in demonstrating both genetic
totipotency and the totipotent reprogramming activity.
SCNT was originally developed by King and Briggs to
test whether a differentiated nucleus still retains full
developmental potency [15,116]. Using SCNT, John
Gurdon unambiguously showed that a fully differen-
tiated nucleus can give rise to a mature animal and is
therefore genetically totipotent [12,13]. At the same
time, this shows that the cytoplasm of an oocyte has
totipotent reprogramming capacity.

In mammals, the reconstructed embryo can also be
transferred into a pseudopregnant foster mother to study
development, as well as to clone many mammals.
SCNT is responsible for the cloning of the first large
animals first from a nucleus of the blastomere [117],
and eventually from a fully differentiated nucleus,
giving birth to the famous sheep, Dolly [18]. Many
different mammals have been cloned by SCNT such as
mice, cow, dog, and pigs. The latest cloned species by
SCNT is the macaque monkey in 2018 [118].

SCNT is also used to establish pluripotent embryonic
stem cells (ESC) lines, that is, therapeutic cloning. In
this case, the reconstructed embryo is allowed to grow
in vitro to the blastocyst stage. The inner cell mass of
the cloned blastocyst is then used as a source to
generate nuclear transfer ESC (NT-ESC) lines of
somatic origins. NT-ESC lines have been established
with fibroblasts as nucleus donors from rhesus monkey
[119] and human [120].

have eventually been cloned each from a fully differentiated
nucleus after its transfer into an enucleated oocyte (see
Box 1 and Fig. 2), providing a clear evidence that a fully
differentiated nucleus is still genetically totipotent [12—
14,18-21]. This concept has later been corroborated by in-
duction of various somatic cells to pluripotent stem cells
(PSCs) via ectopic expression of reprogramming factors
[22-24], not only in the form of sustained integrating viral
vectors [25,26] but also in the forms of the ephemeral
synthetic mRNA [27], recombinant proteins [28], or tran-
sient vectors [29-31].

Clearly, genetic totipotency does not apply to cells that
have lost their genomes such as enucleated oocytes, enu-
cleated zygotes, enucleated blastomeres, mature red blood
cells, and platelets. Many individual genes are essential
for genetic totipotency since we have seen embryonic
lethality when a specific gene is knocked out. Apparently,
not every gene is required for genetic totipotency because
we have generated so many mice with a specific gene
knocked out.

Of note, polyploid cells may be compromised in genetic
totipotency, as supported by the fact that cells of a tetraploid
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embryo rarely contribute to the development of the embryo
proper [32,33].

A mammalian haploid genome seems deficient in genetic
totipotency. First, no haploid mammals have ever been
observed although haploid invertebrates are well known
[34]. Features of haploid ESCs also provide some insights
into the totipotency of the mammalian haploid cells. Mouse
and monkey haploid ESCs have been established, but the
karyotypes of those cells are very unstable [35,36]. They
undergo diploidization in the culture and during differenti-
ation both in vitro and in vivo. The human haploid ESCs are
genetically more stable in culture and during differentiation,
but other factors may impair the totipotent potential of hu-
man haploid cells. These may include deficiency in parental
imprinting, DNA and RNA levels (dosage imbalance), cell
size, mitochondrial abundance, and skewed expression ratio
of X-linked and autosomal genes [34].

Most aneuploidy cells may lose genetic totipotency.
Aneuploidy mainly originates from nondisjunction of
chromosomes/chromatids during meiosis I and II [37]. Their
developmental potentials can be inferred from human clin-
ical data. First of all, trisomies of all chromosomes with the
exception of chromosome 1 have been reported in sponta-
neous abortions that occur between 6 and 20 weeks of
gestation, but trisomy is restricted to a few chromosomes in
later stages, that is, stillbirths and live births [38], indicating
that trisomy in most chromosomes causes early develop-
mental arrest. Second, the incidence of aneuploidy drops
significantly over developmental stages with rates of 25%,
5%, 0.34%, and 0.3% for oocytes, first trimester (5-12
weeks), 13-40 weeks, and after 40 weeks, respectively
[38,39]. This, again, indicates that the majority of aneuploid
embryos arrest at very early stages.

The genetic totipotency of monosomy appears to be im-
paired more severely because monosomies all abort before
being clinically recognized. Theoretically, if monosomies
and trisomies would have the same developmental potentials
they should have the same incidence because they are the
results of reciprocal events at meiosis [38]. Interestingly,
some aneuploidy may have very little impact on totipotency.
For example, 0.1% to 0.2% newborn male infants have the
genotype of 47, XXY [40]. Many XXY individuals do not
even notice their genetic differences in their entire lives.

It is now widely accepted that most cells within an in-
dividual have the same genetic makeup as that of the zygote
and other early embryonic cells within the cleavage-stage
embryos. Therefore, all the different types of diploid cells
of our bodies, undifferentiated or differentiated, embryonic
or somatic, are genetically totipotent. Being a general fea-
ture, genetic totipotency, however, is not a characteristic
that uniquely distinguishes a zygote from any normal dip-
loid somatic cell.

The Zygote Is Not in an Epigenetically
Totipotent State

Like embryonic pluripotency of a cell, totipotency of a
cell should be defined by the cellular function [5]. Plur-
ipotency has been defined as the potential of a cell to dif-
ferentiate into any type of cells in a developing embryo
proper, and eventually into any type of cells in an adult
mammal [41,42]. The conventional mouse pluripotent ESCs
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do not differentiate into the cells of a placenta. It is com-
monly held that a pluripotent embryonic cell has limited
potential to differentiate into extraembryonic cells [41-45]
although an enigmatic observation is that the conventional
human ESCs and their mouse counterparts, epiblast stem
cells representing a later stage of development than the
mouse ESCs, differentiate in vitro into extraembryonic tis-
sues when treated with BMP4 [46,47]. Similarly, functional
totipotency is the potential of a cell to differentiate into any
type of both the embryonic and the extraembryonic cells
during embryogenesis. However, unlike some lower animal
zygotes, a mammalian zygote does not differentiate directly
into any lineage (see detailed discussion in A Revised Model
section about the differentiation ability of the mammalian
zygotes). The first lineage differentiation is several cell di-
visions away from the zygote.

Each type of cells has its own specific transcriptome
[48,49]. The function of a cell is generally governed by the
cell-type-specific transcriptional program. Underlying any
cell-type-specific transcriptional program is its defined epi-
genetic landscape [50,51]. Therefore, functional totipotency
can be called transcriptional or epigenetic totipotency as
well.

The zygotic totipotency in the literature should refer to
the second concept of totipotency, epigenetic or functional
totipotency of a cell described above. By definition, a zygote
should have the defined totipotent epigenetic landscape and
the corresponding unique totipotent transcriptional program.

The greatest issue with calling the mammalian zy-
gote totipotent is that there is little transcription of its own
in zygote. The transcriptome of the zygote is literally that
of the oocyte, or a subset of the oocyte’s for the later stage
of the zygote [52]. The transcriptome of the blastomeres
from the early two-cell-stage embryos is still predominantly
that of oocyte, and a significant amount of transcripts at the
middle two-cell embryo are of maternal in origin [52]. The
zygote genome has to be activated to become ready for
development or differentiation. Zygotic or embryonic ge-
nome activation (ZGA or EGA) is a multiple step process
[53,54]. In mice, it initiates at the end of the zygote [55], but
the major EGA is at the two-cell stage [54]. At the same
time, the maternal mRNA and proteins have to be cleared up
for development to start [56]. Clearance of maternal mes-
sages in mice is still an ongoing process in the two-cell stage
[53]. Therefore, a totipotent state may not be realized
transcriptionally before the completion of EGA.

Underlying the general absence of transcription is the
incompetence of zygote chromatin for transcription. A
permissive chromatin for the general transcription and the
transcription of housekeeping genes is not fully available yet
before EGA starts, let alone a permissive chromatin for
transcription of the totipotent genes.

Totipotent markers are not established yet, but it is
suggested that early coexpression of markers for both of the
first two lineages [the pluripotent lineages and trophecto-
derm (TE)] may mark the still uncommitted totipotent cells
[5,9]. This is analogy to the bivalent epigenetic markers in
PSCs, in which the existence of both activating and re-
pressive marks in a promoter poises a developmental gene
for quick expression upon initiation of differentiation [57].
Therefore, the earliest indiscriminate expression of pluri-
potent markers could potentially indicate an undifferentiated
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FIG. 1. The paternal and maternal genomes are physically
separated, under differential reprogramming, and epigenet-
ically distinct in the mouse zygote. Green, 5-methylcytosine
detected with antibody; blue, DNA staining; hours post-
fertilization are indicated above each image; Left and middle
panels, one zygote in each panel with its two separate
pronuclei; right panel, a two-cell stage embryo. Small nuclei
in the middle and right panels are polar bodies. Note the
extensive demethylation of the paternal pronucleus in the
zygote 8h postfertilization in the middle panel, and com-
partmentalized paternal and maternal chromosomes with
differential methylation on cytosines in each of the two-cell
blastomeres. Images are courtesy of Thomas Haaf with
permission from Nature.

totipotent state, at least for a late stage of totipotency in an
embryo. Among these, Oct4 is a good candidate totipo-
tent or “‘primed”’ totipotent marker since it is ubiquitously
expressed in all blastomeres of early embryo [58,59]. Em-
bryonic expression of Oct4 is repressed before the eight-cell
stage [11,60,61].

Although Nanog is considered the authentic marker for
epiblasts (EPI), it is first expressed before separation of
outer cells, and is not restricted to the inner cells when inner
cells start to emerge [58]. The embryonic (or zygotic) ex-
pression of Nanog starts only at around morula in mice
[62,63]. Cdx2 is an established marker for TE. However,
like Nanog, Cdx2 expression is ahead of emergence of TE.
Again, like Nanog, early Cdx2 expression is not restricted to
the outer cells [58]. Therefore, although unlikely a totipo-
tent marker by itself, initial nondifferential expression of
Cdx2 in all blastomeres with a coexpression of Oct4 may

Somatic.
cell \
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mark the very late stage of totipotency, a primed totipotency
similar to the primed pluripotency. Cdx2 activation is
around 10 h after compaction, slightly later than Nanog [58].
Similar to Oct4, both Nanog and Cdx2 are expressed in all
blastomeres during early compaction stage before their lo-
calization into inner cell mass and TE, respectively [58].
This bivalent expression of lineage markers is in agreement
with the developmental plasticity of early outer and inner
cells (see discussion in A Revised Model section).

A major function of zygote is epigenetic reprogramming
[50,64,65]. To establish totipotency, the epigenetic marks
for both maternal and paternal genomes have to be erased
first, and then rewritten [66]. A prominent fact about the
zygote epigenetics is that the paternal and maternal genomes
are dramatically different in epigenetic marks and chromatin
structure [4]. For example, they are differentially methylated
both in DNA and histones [67]. Furthermore, the two pa-
rental genomes are in fact physically separated during the
entire zygote life (Fig. 1) [68,69]. Recently, it is found that
the paternal and maternal genomes have their own spindles
during the first cell division [70]. These data show that the
unification of the parental genomes has not been completed
yet by the end of zygote. Physical separation of maternal
and paternal genomes is still apparent in the two-cell stage
although to a lesser degree (compartmentalization) [68]
(Fig. 1). Physical separation of parental genomes in the
zygote indicates that fertilization is not finished yet at the
end of zygote because only complete pronuclear fusion
marks the end of fertilization [71]. This physical separa-
tion of parental genomes allows differential reprogramming
of the two genomes. For example, the paternal genome is
already extensively demethylated 8 h after fertilization, but
extensive erasure of DNA methylation in the maternal ge-
nome is apparent only at the four-cell stage [68] (Fig. 1). In
summary, zygote still has two separate parental genomes with
different epigenetic landscapes, which are under dramatic and
dynamic reprogramming (Fig. 1). A zygote is not in a toti-
potent state transcriptionally, epigenetically, and functionally.

The Zygote Has the Capacity
for Reprogramming to Totipotency

Oocytes are the most powerful reprogramming vehicle in
nature [72,73]. An enucleated oocyte (or with its nuclear
destroyed) can reprogram an implanted fully differentiated

Transplantation of a nucleus from
a fully differentiated somatic cell
(a fibroblast, T-cell, or B-cell)

into an enucleated oocyte or a zygote

Enucleation
— —

Reconstructed

Oocyte Enucleated

\ o

Clned
blastocyst

Cloned animals

FIG. 2. The totipotent reprogramming activity of an oocyte or a zygote is independent of epigenetic status. Note that, like
the united sperm and oocyte genomes, an individual nucleus at distinct differentiated epigenetic states (fibroblasts, T cells,
or B cells) can be reprogrammed by an enucleated oocyte, which is lacking any of its own nuclear genetic material, to

totipotency and gives rise to an animal.
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Revised view of
cellular totipotency

Conventional view of
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somatic nucleus to functional totipotency and gives rise to a
cloned animal [14,18,19]. Reprogramming activity exists
beyond oocytes. Oct4-GFP reporter experiments using so-
matic cell nuclear transfer (SCNT) technology (see Box 1)
indicate that reprogramming occurs at cleavage stages [74].
An enucleated zygote can still reprogram an implanted
differentiated nucleus to totipotency when the right proce-
dure is used [75]. Upon fertilization of an oocyte, the paternal
and maternal chromatin starts epigenetic and transcriptional
reprogramming to totipotency by the oocyte factors. This
totipotent reprogramming process continues beyond the zy-
gote; even a blastomere from a two-cell stage embryo retains
significant capacity for totipotent reprogramming [76,77].
Persistence of oocyte reprogramming activity into the two-
cell stage is additionally supported by the generation of mice
after injection of a round spermatid into a haploid partheno-
genote [78], which is an equivalent to a blastomere of a two-
cell embryo.

Of note, the totipotent reprogramming activity in oocyte
and zygote is independent of their epigenetic status because
an enucleated oocyte can reprogram into totipotency the
fully differentiated implanted genomes of various origins,
including those from fibroblasts [79], cumulus [19], Sertoli
cells [80], T cells, B cells [81], and others (Fig. 2). Therefore,
the cellular function of a zygote is totipotent reprogramming
endowed by the maternal reprogramming factors inherited
from its parental oocyte although the reprogramming activity
may be attenuated, but the zygote genome is not in a toti-
potent state transcriptionally, epigenetically, and functionally.
Like in the zygote, a blastomere from a two-cell stage embryo
may still be in the reprogramming process toward totipotency
since it can reprogram an implanted nucleus to totipotency
[76,77]. Similar to zygote, the totipotency of a blastomere
from the two-cell stage embryo may be largely maternal since
it still retains a significant amount of oocyte factors.

Reprogramming
activity

A Revised Model for Cellular Totipotency

In light of discussions above, a modified model describing
capacity for cellular totipotency is proposed (Fig. 3). The
first totipotent cell should be after the major EGA because
only after EGA cell autonomous function can be provided
by its own transcription independent of oocyte-derived
biochemical factors. The functional aspect of the totipo-

4 cells
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8 cells 16 cells

FIG. 3. A revised model
for reprogramming capacity
and differentiation potential
of an early embryonic cell in
comparison with the conven-
tional view [1]. The schema is
based on mouse, in which the
epigenetic totipotency may
exist from the four-cell to
the eight-cell embryo before
compaction. The time line for
other species may vary. Cy-
toplasmic purple represents
the totipotent reprogramming
activity of maternal origin.
EGA, embryonic genome ac-
tivation.

Activation
of Oct4

Nuclear
Cdx2

tent cells is manifested by the first differentiation event in
embryogenesis. This first differentiation in mammalian life
cycle apparently does not occur in zygote, or at the two-cell
stage of embryogenesis. The first cellular differentiation during
mouse embryogenesis is likely at the morula stage, at which
point the first two types of cells, embryoblasts (inner blasto-
meres) and TE (outer blastomeres) begin to emerge. Therefore,
totipotent cells should be those immediately before this first
differentiation. To sum up, a totipotent state should be some-
where between the completion of the major EGA and the
separation of the first two lineages in embryogenesis.

In mice, the separation of the first two lineages is initiated
by polarization of individual blastomeres when the embryo
compacts at the late eight-cell stage, and the subsequent
formation of inner and outer layer of cells after the 16-cell
stage [58]. It is widely regarded that blastomeres within an
embryo are generally uniform in morphology, size, cellular
polarity, cell positioning (outside and inside), and devel-
opmental potential before compaction [82]. Thus, the toti-
potent cells in mice may exist at the four-cell and early
eight-cell stages, at the latter point of which the embryo
compaction still does not occur.

In addition to the discussion above, recent single-cell
RNA-seq of mouse embryos provides support for the earlier
limit for autonomous totipotency. Mouse blastomeres at the
two-cell embryos still feature oocyte transcripts, and normal
levels of biallelic expression, that is, embryonic expression,
are reached only at the four-cell stage [52]. This result in-
dicates that blastomeres at the two-cell stage rely on ma-
ternal RNA to function, while a blastomere at the four-cell
stage starts to function on its own transcripts.

The placement of the later limit of epigenetic totipotency
is indirectly supported by the fact that no blastomere of the
16-cell mouse embryos is irreversibly committed to ei-
ther fate of the first two lineages: inner cell mass and TE.
Although the separation of the inner and outer cells be-
comes visible at the 16-cell stage morphologically (distinct
morphologies for inner and outer cells) and molecularly
(differentially marked by Cdx2 and Oct4), either purified
inner or outer cells from the 16-cell mouse embryos are
able to develop into normal fertile animals when reag-
gregated as 16 pure outer cells or 16 pure inner cells [83].
The totipotent plasticity of the blastomeres in the 16-cell
embryo is further supported by another experiment, in
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which four identical mice (quadruplets) were generated
each from a single outer blastomere from the same embryo
using tetraploid complementation [84]. Outer blastomeres
in the 16-cell embryo are destined to form extraembryonic
tissues, but this experiment indicates that it can take the
other developmental path to form an animal, which is the
function of the inner cells. This plasticity indicates that
mouse blastomeres at the 16-cell stage still retain some
degree of totipotency, but this plastic developmental po-
tential is lost at the 32-cell stage [83]. In human, even the
TE cells in the full blastocysts are not irreversibly com-
mitted to TE, and can become EPI fate [6,85].

The time of paternal Oct4 activation during early em-
bryogenesis provides a support for the proposed placement
of totipotent state above. The marker for totipotency is
lacking partly because embryonic totipotency and maternal
totipotency have not been distinguished before this essay.
Oct4 may be a shared marker for totipotency and embryonic
pluripotency. Unlike other embryonic pluripotency marker,
embryonic Oct4 activates earlier and are expressed uni-
formly in all blastomeres up to 32-cell embryo [59], while
early Nanog is more mosaic. Mouse Oct4 is activated at the
eight-cell stage (Fig. 3) as demonstrated by mRNA in situ hy-
bridization [60], immunohistochemistry [61], and Oct4:GFP
reporter detection [11]. Allele-specific analysis indicates that
paternal Oct4 is silenced before four-cell stage, and is acti-
vated at around the four-cell to eight-cell stages [86]. Inter-
estingly, Plachta et al. show that Oct4 may be heterogeneous
in function in eight-cell embryo although it is expressed in
every blastomere [87]. In some cells, Oct4 binds to chromatin
more stably (more functional), but in other cells Oct4 disso-
ciates from chromatin easily (less functional). Blastomeres
with more functional Oct4 tend to undergo division asym-
metrically and give rise to one outer and one inner cell. This
does not mean these blastomeres are committed cells. This is
because even the products of this asymmetrical division, the
inner cells and outer cells at the 16-cell stage embryos, are still
plastic in totipotency (see discussion above).

The activation time of differentiation markers for the first
embryonic lineage, TE, may provide a reference, although
not direct markers, for the developmental placement of to-
tipotent cells proposed here. Elevated nuclear expression of
the transcription factor Cdx2 in the still plastic outer cells of
the morula embryo represents the earliest events in lineage
specification [88-90]. Unequivocal nuclear Cdx2 in mice is
detected in the prospective TE cells only after the fourth
embryonic cell division (the cell division from cells of the
eight-cell embryo to generate the 16-cell embryo) [59,88],
indicating that totipotent cells in mice may exist before the
fourth cell division.

Cleavage-stage blastomeres are generally regarded as
being totipotent [3,91-93]. Totipotency of blastomeres ra-
ther than zygote has been demonstrated experimentally. A
single blastomere from a two-cell embryo gives rise to
fertile adult mice [92]. Single blastomeres isolated from a
four-cell or eight-cell sheep embryo can develop into lambs
[94]. Both individual blastomeres after separated from the
same two-cell stage embryo can develop into live animals
(monozygotic twins) for mice [95,96], sheep [97], and rat
[98]. Four identical calves were generated each from an
individual blastomere isolated from the same four-cell bo-
vine embryo [99], and three sheep (triplets) were generated
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each from one individual blastomere isolated from one
single four-cell embryo [94]. In humans, each of the four
individual blastomeres from the same embryo can develop
into an expanded blastocyst, indicating an individual ca-
pacity of each Y blastomere to contribute to both of the first
two embryonic lineages, the inner cell mass and TE [91].

The model further emphasizes that a mammalian life be-
gins with reprogramming of the united sperm and oocyte
genomes, not with differentiation. Since it has been fre-
quently stated that a zygote differentiates into all types of
cells [3,4,11], it is critical to set the record straight. Mam-
malian differentiation is a property of stem cells or pro-
genitor cells. With “‘totipotent” being an inappropriate
defining word for zygote, the associated term ‘‘stem cell”
does not belong to zygote either. First, zygote has no ability
for self-renewal, one of the two basic features of stem cells
[100]. A zygote does not divide to become two zygotes
because of ongoing dramatic nuclear reprogramming during
the early cleavage stage. A zygote divides to become inev-
itably two blastomeres of the two-cell embryo. Second, a
zygote does not differentiate, the second essential feature of
stem cells [100]. The entire zygote genome is literally in-
active. An inactive genome cannot differentiate and needs to
be reprogrammed to totipotency before it can start to dif-
ferentiate. This reprogramming process may last for several
cell cycles depending on species. In the case of mice, the
totipotent reprogramming may be complete before the eight-
cell stage.

How do we have the concept of zygote differentiation for
mammalian embryogenesis? The characterization of “‘dif-
ferentiation™ for the mammalian zygotes is a preconceived
notion based on the studies of early embryogenesis of some
lower animals. In lower animals such as Caenorhabditis
elegans and Drosophila, oocytes and zygotes are polarized
[101,102]. For example, due to polarized localization of fate
determinants in oocyte and zygote, the first cleavage in
C. elegans gives rise to the AB and P1 blastomeres, which
specify anterior and posterior axis, respectively. However,
no polarized localization of specification determinants, in-
cluding mRNA and proteins in mammalian oocytes and zy-
gotes, plays any role in mammalian development [103,104].
Experimental data further show that each blastomere of the
two-cell embryo contributes to both of the first two embryonic
lineages [105], indicating a lack of embryo polarity at the two-
cell stage as well. Even the individual blastomeres of the
mouse four-cell embryo contribute impartially to both of the
first two lineages [106]. An apicobasal cellular polarity is only
seen late at the eight-cell stage, and visible embryo polarity in
mammals is established only at the blastocyst stage [107].
Therefore, we cannot simply apply the concept of zygote
“differentiation” in some lower animals to mammalian em-
bryogenesis. The development in these lower animals heavily
relies on the maternal determinants, and some lower animals
may not have totipotent stem cells because ‘‘differentiation”
occurs in zygote already by the polarized localization of cell
fate determinants inside the oocyte and zygote.

Conclusions and Prospects

This essay systematically defines, for the first time, three
distinct types of totipotency: genetic, epigenetic, and non-
sustainable biochemical ones. Every normal diploid cell is
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of genetic totipotency; epigenetic totipotency may exist in
embryonic cells immediately before the separation of the
first two embryonic lineages. They may be blastomeres in
the four-cell and eight-cell embryos of mice. Zygote un-
iquely retains most of the totipotent reprogramming activity
of the oocyte. Zygote is in the transition from maternal to
embryonic totipotency.

Totipotency should be a term to define a cell. However, an
embryo at any stage represents a special moment of an indi-
vidual life. The elusive use of totipotency for the zygote may
be because the zygote is special in that it is both a single cell
and regarded as an embryo by most scientists. As a cell, zygote
is (1) genetically totipotent, but this term does not distinguish it
from other undifferentiated and differentiated cells, and (2)
capable of reprogramming its own as well as an implanted
genome to epigenetic totipotency, but (3) the zygote is not in
the state of totipotency epigenetically, transcriptionally, and
functionally. As a one-celled “embryo” although it is sug-
gested that it is not an embryo yet [71], the zygote is a critical
starting point of an animal life, but its ability to develop into an
animal is endowed by its totipotent reprogramming activity
from the maternal factors (maternal proteins and RNA). Es-
tablishment of distinct concepts of maternal and autonomous
epigenetic totipotency will benefit further investigation into
these two distinct totipotent activities.

The revised totipotency model proposed here has practi-
cal significance. This model predicts that we may be able to
capture the totipotent cells in cell culture as we have
achieved with the first three embryonic lineages: pluripotent
ESCs representing the EPI from both mice [42,43] and
humans [41], trophoblast stem cells [108] representing the
TE from mice [109] and humans [110], and the extraecm-
bryonic endoderm stem cells for the primitive endoderm of
mouse [111,112]. Recently, extended pluripotent stem (EPS)
cells have been captured in culture for both humans and mice
[113]. EPS cells contribute to both embryonic and extra-
embryonic tissues. However, the transcriptome of EPS cells
is different from that of any PSCs and embryonic cells al-
though EPS cells share some transcriptional signatures of
the eight-cell embryos.

However, it is impossible to perpetuate or proliferate a
zygote in cell culture because the zygote does not have a
stable active epigenetic status, and almost completely relies
on the ephemeral maternal factors (eg, proteins, mRNA, and
microRNA) to function. Similarly, we may not be able to
capture the blastomeres of a two-cell embryo in cell culture
because such blastomeres still rely on the maternal factors to
function and their epigenetic and transcriptional states are still
unstable and very dynamic. It is reported that cells expressing
murine endogenous retrovirus activity, a characteristic of the
two-cell embryos, transiently exist in mouse PSC culture in a
very small portion (2C-like cells) [114]. These ““2C-like” cells
in PSC culture cannot be expanded independently and the
purified 2C-like cells return to the normal PSC state. The ““2C-
like™ cells seem to be in a state of repression of global protein
synthesis independent of mitosis [115]. The expandable EPS
cells have no molecular signature of the “2C-like”” cells [113].

Acknowledgments

This research is supported by the National Institutes of
Health (1IRO1GM127411) and the American Heart Asso-

903

ciation (17GRNT3367080). 1 greatly appreciate the con-
structive comments by the two anonymous reviewers.

Author Disclosure Statement

No competing financial interests exist.

References

1. Wu G and HR Scholer. (2014). Role of Oct4 in the early
embryo development. Cell Regen (Lond) 3:7.

2. Condic ML. (2014). Totipotency: what it is and what it is
not. Stem Cells Dev 23:796-812.

3. Wu G, L Lei and HR Scholer. (2017). Totipotency in the
mouse. J Mol Med (Berl) 95:687-694.

4. Burton A and ME Torres-Padilla. (2010). Epigenetic re-
programming and development: a unique heterochromatin
organization in the preimplantation mouse embryo. Brief
Funct Genomics 9:444-454.

5. Morgani SM and JM Brickman. (2014). The molecular
underpinnings of totipotency. Philos Trans R Soc Lond B
Biol Sci 369:pii: 20130549.

6. Krivega MV, M Geens, B Heindryckx, S Santos-Ribeiro,
H Tournaye and H Van de Velde. (2015). Cyclin E1 plays
a key role in balancing between totipotency and differ-
entiation in human embryonic cells. Mol Hum Reprod 21:
942-956.

7. Denker HW. (2004). Early human development: new data
raise important embryological and ethical questions rele-
vant for stem cell research. Naturwissenschaften 91:1-21.

8. De Paepe C, M Krivega, G Cauffman, M Geens and H Van
de Velde. (2014). Totipotency and lineage segregation in
the human embryo. Mol Hum Reprod 20:599-618.

9. Morgani SM, MA Canham, J Nichols, AA Sharov, RP
Migueles, MS Ko and JM Brickman. (2013). Totipotent
embryonic stem cells arise in ground-state culture condi-
tions. Cell Rep 3:1945-1957.

10. Castillo J, M Jodar and R Oliva. (2018). The contribution of
human sperm proteins to the development and epigenome
of the preimplantation embryo. Hum Reprod Update 24:
535-555.

11. Wu G, D Han, Y Gong, V Sebastiano, L Gentile, N Sin-
ghal, K Adachi, G Fischedick, C Ortmeier, et al. (2013).
Establishment of totipotency does not depend on Oct4A.
Nat Cell Biol 15:1089-1097.

12. Gurdon JB. (1962). The developmental capacity of nuclei
taken from intestinal epithelium cells of feeding tadpoles.
J Embryol Exp Morphol 10:622-640.

13. Gurdon JB. (1962). Adult frogs derived from the nuclei of
single somatic cells. Dev Biol 4:256-273.

14. Gurdon JB and V Uehlinger. (1966). ‘“‘Fertile’’ intestine
nuclei. Nature 210:1240-1241.

15. Briggs R and TJ King. (1952). Transplantation of living
nuclei from blastula cells into enucleated frogs’ eggs. Proc
Natl Acad Sci U S A 38:455-463.

16. DiBerardino MA. (1987). Genomic potential of differen-
tiated cells analyzed by nuclear transplantation. Am Zool
27:623-644.

17. Campbell KH. (1999). Nuclear equivalence, nuclear
transfer, and the cell cycle. Cloning 1:3-15.

18. Wilmut I, AE Schnieke, J McWhir, AJ Kind and KH
Campbell. (1997). Viable offspring derived from fetal and
adult mammalian cells. Nature 385:810-813.

19. Wakayama T, AC Perry, M Zuccotti, KR Johnson and R
Yanagimachi. (1998). Full-term development of mice



904

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

from enucleated oocytes injected with cumulus cell nu-
clei. Nature 394:369-374.

Shin T, D Kraemer, J Pryor, L Liu, J Rugila, L Howe, S
Buck, K Murphy, L Lyons and M Westhusin. (2002). A
cat cloned by nuclear transplantation. Nature 415:859.
Kato Y, T Tani, Y Sotomaru, K Kurokawa, J Kato, H
Doguchi, H Yasue and Y Tsunoda. (1998). Eight calves
cloned from somatic cells of a single adult. Science 282:
2095-2098.

Hu K. (2014). All roads lead to induced pluripotent stem
cells: the technologies of iPSC generation. Stem Cells Dev
23:1285-1300.

Hu K. (2014). Vectorology and factor delivery in induced
pluripotent stem cell reprogramming. Stem Cells Dev 23:
1301-1315.

Hu K and I Slukvin. (2012). Induction of pluripotent stem
cells from umbilical cord blood. In: Reviews in Cell
Biology and Molecular Medicine: Stem Cells. Meyers RA,
ed. Wiley-VCH Verlag GmbH & Co. KGaA, pp 1-25.
https://doi.org/10.1002/3527600906.mcb.201200006
Takahashi K and S Yamanaka. (2006). Induction of plu-
ripotent stem cells from mouse embryonic and adult fi-
broblast cultures by defined factors. Cell 126:663-676.
Yu J, MA Vodyanik, K Smuga-Otto, J Antosiewicz-
Bourget, JL Frane, S Tian, J Nie, GA Jonsdottir, V Ruotti,
et al. (2007). Induced pluripotent stem cell lines derived
from human somatic cells. Science 318:1917-1920.
Warren L, PD Manos, T Ahfeldt, YH Loh, H Li, F Lau, W
Ebina, PK Mandal, ZD Smith, et al. (2010). Highly effi-
cient reprogramming to pluripotency and directed differ-
entiation of human cells with synthetic modified mRNA.
Cell Stem Cell 7:618-630.

Zhou H, S Wu, JY Joo, S Zhu, DW Han, T Lin, S Trauger,
G Bien, S Yao, et al. (2009). Generation of induced plu-
ripotent stem cells using recombinant proteins. Cell Stem
Cell 4:381-384.

Yu J, K Hu, K Smuga-Otto, S Tian, R Stewart, II Slukvin
and JA Thomson. (2009). Human induced pluripotent
stem cells free of vector and transgene sequences. Science
324:797-801.

Hu K, J Yu, K Suknuntha, S Tian, K Montgomery, KD
Choi, R Stewart, JA Thomson and II Slukvin. (2011).
Efficient generation of transgene-free induced pluripotent
stem cells from normal and neoplastic bone marrow and
cord blood mononuclear cells. Blood 117:¢109-e119.

Hu K and I Slukvin. (2013). Generation of transgene-free
iPSC lines from human normal and neoplastic blood cells
using episomal vectors. Methods Mol Biol 997:163-176.
Nagy A, E Gocza, EM Diaz, VR Prideaux, E Ivanyi, M
Markkula and J Rossant. (1990). Embryonic stem cells
alone are able to support fetal development in the mouse.
Development 110:815-821.

Tam PP and J Rossant. (2003). Mouse embryonic chi-
meras: tools for studying mammalian development. De-
velopment 130:6155-6163.

Sagi I and N Benvenisty. (2017). Haploidy in humans: an
evolutionary and developmental perspective. Dev Cell 41:
581-589.

Yang H, Z Liu, Y Ma, C Zhong, Q Yin, C Zhou, L Shi, Y
Cai, HZhao, et al. (2013). Generation of haploid embryonic
stem cells from Macaca fascicularis monkey parthenotes.
Cell Res 23:1187-1200.

Leeb M and A Wutz. (2011). Derivation of haploid embry-
onic stem cells from mouse embryos. Nature 479:131-134.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

HU

Hassold T and P Hunt. (2001). To err (meiotically) is
human: the genesis of human aneuploidy. Nat Rev Genet
2:280-291.

Griffin DK. (1996). The incidence, origin, and etiology of
aneuploidy. Int Rev Cytol 167:263-296.

Hassold T, M Abruzzo, K Adkins, D Griffin, M Merrill, E
Millie, D Saker, J Shen and M Zaragoza. (1996). Human
aneuploidy: incidence, origin, and etiology. Environ Mol
Mutagen 28:167-175.

Bonomi M, V Rochira, D Pasquali, G Balercia, EA Jan-
nini, A Ferlin and NG Klinefelter Italia. (2017). Kline-
felter syndrome (KS): genetics, clinical phenotype and
hypogonadism. J Endocrinol Invest 40:123-134.
Thomson JA, J Itskovitz-Eldor, SS Shapiro, MA Waknitz,
JJ Swiergiel, VS Marshall and JM Jones. (1998). Em-
bryonic stem cell lines derived from human blastocysts.
Science 282:1145-1147.

Evans MJ and MH Kaufman. (1981). Establishment in
culture of pluripotential cells from mouse embryos. Nat-
ure 292:154-156.

Martin GR. (1981). Isolation of a pluripotent cell line
from early mouse embryos cultured in medium condi-
tioned by teratocarcinoma stem cells. Proc Natl Acad Sci
U S A 78:7634-7638.

Yu J and JA Thomson. (2008). Pluripotent stem cell lines.
Genes Dev 22:1987-1997.

De Los Angeles A, F Ferrari, R Xi, Y Fujiwara, N Ben-
venisty, H Deng, K Hochedlinger, R Jaenisch, S Lee, et al.
(2015). Hallmarks of pluripotency. Nature 525:469—478.
Xu RH, X Chen, DS Li, R Li, GC Addicks, C Glennon, TP
Zwaka and JA Thomson. (2002). BMP4 initiates human
embryonic stem cell differentiation to trophoblast. Nat
Biotechnol 20:1261-1264.

Brons IG, LE Smithers, MW Trotter, P Rugg-Gunn, B
Sun, SM Chuva de Sousa Lopes, SK Howlett, A Clarkson,
L Ahrlund-Richter, RA Pedersen and L Vallier. (2007).
Derivation of pluripotent epiblast stem cells from mam-
malian embryos. Nature 448:191-195.

Griffiths JA, A Scialdone and JC Marioni. (2018). Using
single-cell genomics to understand developmental pro-
cesses and cell fate decisions. Mol Syst Biol 14:e8046.
Trapnell C. (2015). Defining cell types and states with
single-cell genomics. Genome Res 25:1491-1498.

Xu Q and W Xie. (2018). Epigenome in early mammalian
development: inheritance, reprogramming and establish-
ment. Trends Cell Biol 28:237-253.

Rivera CM and B Ren. (2013). Mapping human epigen-
omes. Cell 155:39-55.

Deng Q, D Ramskold, B Reinius and R Sandberg. (2014).
Single-cell RNA-seq reveals dynamic, random mono-
allelic gene expression in mammalian cells. Science 343:
193-196.

Tadros W and HD Lipshitz. (2009). The maternal-to-
zygotic transition: a play in two acts. Development 136:
3033-3042.

Schulz KN and MM Harrison. (2019). Mechanisms reg-
ulating zygotic genome activation. Nat Rev Genet 20:
221-234.

Ram PT and RM Schultz. (1993). Reporter gene expression
in G2 of the 1-cell mouse embryo. Dev Biol 156:552-556.
Li L, P Zheng and J Dean. (2010). Maternal control of
early mouse development. Development 137:859-870.
Voigt P, WW Tee and D Reinberg. (2013). A double take
on bivalent promoters. Genes Dev 27:1318-1338.


https://doi.org/10.1002/3527600906.mcb.201200006

ON

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

MAMMALIAN TOTIPOTENCY

. Dietrich JE and T Hiiragi. (2007). Stochastic patterning in
the mouse pre-implantation embryo. Development 134:
4219-4231.

Wu G, L Gentile, T Fuchikami, J Sutter, K Psathaki, TC
Esteves, MJ Arauzo-Bravo, C Ortmeier, G Verberk, K
Abe and HR Scholer. (2010). Initiation of trophectoderm
lineage specification in mouse embryos is independent of
Cdx2. Development 137:4159-4169.

Yeom YI, HS Ha, R Balling, HR Scholer and K Artzt.
(1991). Structure, expression and chromosomal location
of the Oct-4 gene. Mech Dev 35:171-179.

Palmieri SL, W Peter, H Hess and HR Scholer. (1994). 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 166:259-267.
Mitsui K, Y Tokuzawa, H Itoh, K Segawa, M Murakami,
K Takahashi, M Maruyama, M Maeda and S Yamanaka.
(2003). The homeoprotein Nanog is required for mainte-
nance of pluripotency in mouse epiblast and ES cells. Cell
113:631-642.

Chambers I, D Colby, M Robertson, J Nichols, S Lee, S
Tweedie and A Smith. (2003). Functional expression cloning
of Nanog, a pluripotency sustaining factor in embryonic stem
cells. Cell 113:643-655.

Cantone I and AG Fisher. (2013). Epigenetic program-
ming and reprogramming during development. Nat Struct
Mol Biol 20:282-289.

Messerschmidt DM, BB Knowles and D Solter. (2014).
DNA methylation dynamics during epigenetic repro-
gramming in the germline and preimplantation embryos.
Genes Dev 28:812-828.

Clift D and M Schuh. (2013). Restarting life: fertilization
and the transition from meiosis to mitosis. Nat Rev Mol
Cell Biol 14:549-562.

Reik W, F Santos, K Mitsuya, H Morgan and W Dean.
(2003). Epigenetic asymmetry in the mammalian zygote
and early embryo: relationship to lineage commitment?
Philos Trans R Soc Lond B Biol Sci 358:1403-1409;
discussion 1409.

Mayer W, A Niveleau, J] Walter, R Fundele and T Haaf.
(2000). Demethylation of the zygotic paternal genome.
Nature 403:501-502.

Mayer W, A Smith, R Fundele and T Haaf. (2000). Spatial
separation of parental genomes in preimplantation mouse
embryos. J Cell Biol 148:629-634.

Reichmann J, B Nijmeijer, MJ Hossain, M Eguren, I
Schneider, AZ Politi, MJ Roberti, L Hufnagel, T Hiiragi
and J Ellenberg. (2018). Dual-spindle formation in zy-
gotes keeps parental genomes apart in early mammalian
embryos. Science 361:189-193.

Tesarik J and E Greco. (2004). A zygote is not an embryo:
ethical and legal considerations. Reprod Biomed Online 9:
13-16.

Campbell KH, P Loi, PJ Otaegui and I Wilmut. (1996).
Cell cycle co-ordination in embryo cloning by nuclear
transfer. Rev Reprod 1:40-46.

Gurdon JB. (2013). The egg and the nucleus: a battle for
supremacy. Development 140:2449-2456.

Boiani M, S Eckardt, HR Scholer and KJ McLaugh-
lin. (2002). Oct4 distribution and level in mouse clones:
consequences for pluripotency. Genes Dev 16:1209-1219.
Egli D, J Rosains, G Birkhoff and K Eggan. (2007). De-
velopmental reprogramming after chromosome transfer
into mitotic mouse zygotes. Nature 447:679-685.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

905

Egli D, VM Sandler, ML Shinohara, H Cantor and K
Eggan. (2009). Reprogramming after chromosome trans-
fer into mouse blastomeres. Curr Biol 19:1403-1409.
Kang E, G Wu, H Ma, Y Li, R Tippner-Hedges, M Tachi-
bana, M Sparman, DP Wolf, HR Scholer and S Mitalipov.
(2014). Nuclear reprogramming by interphase cytoplasm of
two-cell mouse embryos. Nature 509:101-104.

Suzuki T, M Asami, M Hoffmann, X Lu, M Guzvic, CA
Klein and AC Perry. (2016). Mice produced by mitotic
reprogramming of sperm injected into haploid partheno-
genotes. Nat Commun 7:12676.

Wakayama T and R Yanagimachi. (1999). Cloning of
male mice from adult tail-tip cells. Nat Genet 22:127-128.
Ogura A, K Inoue, N Ogonuki, A Noguchi, K Takano, R
Nagano, O Suzuki, J Lee, F Ishino and J Matsuda. (2000).
Production of male cloned mice from fresh, cultured, and
cryopreserved immature Sertoli cells. Biol Reprod 62:
1579-1584.

Hochedlinger K and R Jaenisch. (2002). Monoclonal mice
generated by nuclear transfer from mature B and T donor
cells. Nature 415:1035-1038.

White MD, S Bissiere, YD Alvarez and N Plachta. (2016).
Mouse embryo compaction. Curr Top Dev Biol 120:235-
258.

Suwinska A, R Czolowska, W Ozdzenski and AK Tar-
kowski. (2008). Blastomeres of the mouse embryo lose
totipotency after the fifth cleavage division: expression of
Cdx2 and Oct4 and developmental potential of inner and
outer blastomeres of 16- and 32-cell embryos. Dev Biol
322:133-144.

Tarkowski AK, A Suwinska, R Czolowska and W Ozd-
zenski. (2010). Individual blastomeres of 16- and 32-cell
mouse embryos are able to develop into foetuses and
mice. Dev Biol 348:190-198.

De Paepe C, G Cauffman, A Verloes, J Sterckx, P Dev-
roey, H Tournaye, I Liebaers and H Van de Velde. (2013).
Human trophectoderm cells are not yet committed. Hum
Reprod 28:740-749.

Igbal K, WA Kues and H Niemann. (2007). Parent-of-
origin dependent gene-specific knock down in mouse
embryos. Biochem Biophys Res Commun 358:727-732.
Plachta N, T Bollenbach, S Pease, SE Fraser and P Pantazis.
(2011). Oct4 kinetics predict cell lineage patterning in the
early mammalian embryo. Nat Cell Biol 13:117-123.
Strumpf D, CA Mao, Y Yamanaka, A Ralston, K Cha-
wengsaksophak, F Beck and J Rossant. (2005). Cdx2 is
required for correct cell fate specification and differenti-
ation of trophectoderm in the mouse blastocyst. Devel-
opment 132:2093-2102.

Ralston A and J Rossant. (2008). Cdx2 acts downstream
of cell polarization to cell-autonomously promote tro-
phectoderm fate in the early mouse embryo. Dev Biol
313:614-629.

Toyooka Y, S Oka and T Fujimori. (2016). Early preim-
plantation cells expressing Cdx2 exhibit plasticity of
specification to TE and ICM lineages through positional
changes. Dev Biol 411:50-60.

Van de Velde H, G Cauffman, H Tournaye, P Devroey
and I Liebaers. (2008). The four blastomeres of a 4-cell
stage human embryo are able to develop individually into
blastocysts with inner cell mass and trophectoderm. Hum
Reprod 23:1742-1747.

Tarkowski AK. (1959). Experiments on the development of
isolated blastomers of mouse eggs. Nature 184:1286—1287.



906

93

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

. Papaioannou VE, J Mkandawire and JD Biggers. (1989).
Development and phenotypic variability of genetically
identical half mouse embryos. Development 106:817—
827.

Willadsen SM. (1981). The development capacity of
blastomeres from 4- and 8-cell sheep embryos. J] Embryol
Exp Morphol 65:165-172.

Sotomaru Y, Y Kato and Y Tsunoda. (1998). Production
of monozygotic twins after freezing and thawing of bi-
sected mouse embryos. Cryobiology 37:139-145.
Tsunoda Y and A McLaren. (1983). Effect of various pro-
cedures on the viability of mouse embryos containing half the
normal number of blastomeres. J Reprod Fertil 69:315-322.
Willadsen SM. (1979). A method for culture of micro-
manipulated sheep embryos and its use to produce
monozygotic twins. Nature 277:298-300.

Matsumoto K, M Miyake, K Utsumi and A Iritani. (1989).
Production of identical twins by separating two-cell rat
embryos. Gamete Res 22:257-263.

Johnson WH, NM Loskutoff, Y Plante and KJ Betteridge.
(1995). Production of four identical calves by the sepa-
ration of blastomeres from an in vitro derived four-cell
embryo. Vet Rec 137:15-16.

Maehle AH. (2011). Ambiguous cells: the emergence of
the stem cell concept in the nineteenth and twentieth
centuries. Notes Rec R Soc Lond 65:359-378.

St Johnston D and C Nusslein-Volhard. (1992). The origin
of pattern and polarity in the Drosophila embryo. Cell 68:
201-219.

Gonczy P and LS Rose. (2005). Asymmetric cell division
and axis formation in the embryo. WormBook 1-20.
Evsikov SV, LM Morozova and AP Solomko. (1994).
Role of ooplasmic segregation in mammalian develop-
ment. Roux Arch Dev Biol 203:199-204.

Wennekamp S and T Hiiragi. (2012). Stochastic processes
in the development of pluripotency in vivo. Biotechnol J
7:737-744.

Chroscicka A, S Komorowski and M Maleszewski.
(2004). Both blastomeres of the mouse 2-cell embryo
contribute to the embryonic portion of the blastocyst. Mol
Reprod Dev 68:308-312.

Kurotaki Y, K Hatta, K Nakao, Y Nabeshima and T Fu-
jimori. (2007). Blastocyst axis is specified independently
of early cell lineage but aligns with the ZP shape. Science
316:719-723.

Motosugi N, T Bauer, Z Polanski, D Solter and T Hiiragi.
(2005). Polarity of the mouse embryo is established at blas-
tocyst and is not prepatterned. Genes Dev 19:1081-1092.
Latos PA and M Hemberger. (2016). From the stem of the
placental tree: trophoblast stem cells and their progeny.
Development 143:3650-3660.

Tanaka S, T Kunath, AK Hadjantonakis, A Nagy and J
Rossant. (1998). Promotion of trophoblast stem cell pro-
liferation by FGF4. Science 282:2072-2075.

Okae H, H Toh, T Sato, H Hiura, S Takahashi, K Shirane,
Y Kabayama, M Suyama, H Sasaki and T Arima. (2018).

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

HU

Derivation of human trophoblast stem cells. Cell Stem
Cell 22:50-63.e56.

Niakan KK, N Schrode, LT Cho and AK Hadjantonakis.
(2013). Derivation of extraembryonic endoderm stem
(XEN) cells from mouse embryos and embryonic stem
cells. Nat Protoc 8:1028-1041.

Kunath T, D Arnaud, GD Uy, I Okamoto, C Chureau, Y
Yamanaka, E Heard, RL Gardner, P Avner and J Rossant.
(2005). Imprinted X-inactivation in extra-embryonic en-
doderm cell lines from mouse blastocysts. Development
132:1649-1661.

Yang Y, B Liu, J Xu, ] Wang, ] Wu, C Shi, Y Xu, J Dong,
C Wang, et al. (2017). Derivation of pluripotent stem cells
with in vivo embryonic and extraembryonic potency. Cell
169:243-257.e225.

Macfarlan TS, WD Gifford, S Driscoll, K Lettieri, HM
Rowe, D Bonanomi, A Firth, O Singer, D Trono and SL
Pfaff. (2012). Embryonic stem cell potency fluctuates with
endogenous retrovirus activity. Nature 487:57-63.

Hung SS, RC Wong, AA Sharov, Y Nakatake, H Yu and
MS Ko. (2013). Repression of global protein synthesis by
Eifla-like genes that are expressed specifically in the two-
cell embryos and the transient Zscan4-positive state of
embryonic stem cells. DNA Res 20:391-402.

King TJ and R Briggs. (1955). Changes in the nuclei of
differentiating gastrula cells, as demonstrated by nuclear
transplantation. Proc Natl Acad Sci U S A 41:321-325.
Willadsen SM. (1986). Nuclear transplantation in sheep
embryos. Nature 320:63-65.

LiuZ, Y Cai, Y Wang, Y Nie, C Zhang, Y Xu, X Zhang,
Y Lu, Z Wang, M Poo and Q Sun. (2018). Cloning of
macaque monkeys by somatic cell nuclear transfer. Cell
174:245.

Byrne JA, DA Pedersen, LL Clepper, M Nelson, WG
Sanger, S Gokhale, DP Wolf and SM Mitalipov. (2007).
Producing primate embryonic stem cells by somatic cell
nuclear transfer. Nature 450:497-502.

Tachibana M, P Amato, M Sparman, NM Gutierrez, R
Tippner-Hedges, H Ma, E Kang, A Fulati, HS Lee, et al.
(2013). Human embryonic stem cells derived by somatic
cell nuclear transfer. Cell 153:1228-1238.

Address correspondence to:

Dr. Kejin Hu

Department of Biochemistry and Molecular Genetics
University of Alabama at Birmingham

1825 University Boulevard

Birmingham, AL 35294

E-mail: kejinhu@uab.edu

Received for publication March 24, 2019
Accepted after revision May 23, 2019
Prepublished on Liebert Instant Online May 24, 2019



