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In mammals, epigenetic reprogramming, the acquisition
and loss of totipotency, and the first cell fate decision all
occur within a 3-d window after fertilization from the
one-cell zygote to the formation of the blastocyst. These
processes are poorly understood in molecular detail, yet
this is an essential prerequisite to uncover principles of
stem cells, chromatin biology, and thus regenerativemed-
icine. A unique feature of preimplantation development is
the drastic genome-wide changes occurring to nuclear ar-
chitecture. From studying somatic and in vitro cultured
embryonic stem cells (ESCs) it is becoming increasingly
established that the three-dimensional (3D) positions of
genomic loci relative to each other and to specific com-
partments of the nucleus can act on the regulation of
gene expression, potentially driving cell fate. However,
the functionality, mechanisms, and molecular character-
istics of the changes in nuclear organization during preim-
plantation development are only now beginning to be
unraveled. Here, we discuss the peculiarities of nuclear
compartments and chromatin organization during mam-
malian preimplantation development in the context of
the transition from totipotency to pluripotency.

Totipotency is the capacity to form all cells in a new or-
ganism, including embryonic and extraembryonic tissues.
A totipotent zygote is created with the fusion of two high-
ly differentiated cells: the oocyte and the sperm that un-
dergoes epigenetic reprogramming. Upon fertilization,
the oocyte completes the second meiotic division, and
the maternal chromosomes and the sperm chromatin
decondense to form separate pronuclei. The paternal chro-
matin is quickly assembled into nucleosomes upon re-
moval of the sperm-derived protamines. In contrast, the
maternal chromatin inherits a nucleosomal configuration

from oogenesis. The subsequent cell divisions are termed
cleavages because the size of the daughter cells remains
approximately half the size of their mother cells (Aiken
et al. 2004). After five divisions, the mouse embryo reach-
es the blastocyst stage, which is initially composed of the
inner cell mass (ICM) and the trophectoderm. While the
ICM is pluripotent, the trophectoderm is considered a dif-
ferentiated, epithelia-like tissue. Thus, the transition
from a totipotent state in the zygote to a pluripotent state
in the blastocyst occurs in only ∼3 d. Although nuclear
size progressively shrinks from the zygote to the blasto-
cyst stage, the nucleocytoplasmic ratio increases due to
the cleavage nature of divisions. Another peculiarity of
preimplantation development is the inheritance of a large
protein pool from the oocyte, which enables the earliest
steps of development until the embryo undergoes the ma-
ternal-to-zygotic transition and activates its own genome.
Nuclear organization refers to the spatial position of nu-

clear compartments as well as the position that specific
regions of the genome adopt with respect to each other
and the nuclear compartments. Functionally, increasing
evidence suggests that the three-dimensional (3D) posi-
tion of genomic regions during interphasemay be causally
related to the regulation of gene expression and chromatin
architecture (Meister et al. 2011; Talamas and Capelson
2015). The physical proximity of genomic loci can pro-
mote an environment that is permissive or repressive
for gene expression locally but can also favor transloca-
tions resulting in genome instability (Roix et al. 2003;
Eskeland et al. 2010; Zhang et al. 2012). The organization
of the nucleus can change over time in both the composi-
tion of nuclear compartments and the 3D positioning of
the genome. Such changes have been documented to oc-
cur during development and upon reprogramming of
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cellular identity but also during disease progression
(Noordermeer et al. 2011; Andrey et al. 2013; Lupianez
et al. 2015). Nuclear organization has therefore emerged
as a key player underlying the architectural definition of
the epigenome.

Concerning the organization of the genome itself, chro-
mosomes are the most well-defined structural entities.
They contain clearly distinctive blocks of telomeric and
pericentromeric domains, which are typically assembled
into constitutive heterochromatin (Fig. 1A). Between
them, the chromosomal arms harbor genes and also the
repetitive units of rDNA, which cluster in the nucleolar
organizer regions (NORs) distributed along six chromo-
somes in mice and five in humans (Henderson et al.
1972; Gibbons et al. 2015). Chromosome territories, the
physical space occupied by individual chromosomes,
were originally suggested as one of themain organization-
al and functional landmarks of the nucleus (Cremer et al.
2006). In general, gene-rich chromosomes localize toward
the interior of the nucleus (Mayer et al. 2005). Additional-
ly, gene-dense regions of a chromosome tend to loop out of
its territory, while gene-poor domains cluster in the terri-
tory’s core. These observations have had an enormous

impact on our initial conception of nuclear organization
functionally and have been reached by both microscopic
approaches (e.g., DNA fluorescent in situ hybridization
[FISH]) and using recent high-coverage techniques to un-
cover genomic interactions (e.g., HiC) (Boyle et al. 2011;
Kalhor et al. 2012). Topologically associated domains
(TADs) are large self-associating domains of chromosomes
ranging several hundreds of kilobases. Their identification
has led to a model for genome organization in whichmost
genomic interactions are stable across cell types, andmore
specific gene regulation occurs within TADs (Sexton and
Cavalli 2015). Indeed, condensation and decondensation
as well as “looping” out from chromosome territories
have been correlated to the transcriptional activity of
Hox loci during developmental transitions (Chambeyron
and Bickmore 2004; Eskeland et al. 2010). Moreover, the
positions of specific loci within the nuclear space have
been recently demonstrated to be heritable over several
cell divisions (Therizols et al. 2014).

Subnuclear compartments are structurally defined
components constituted primarily of characteristic pro-
teins. They constitute platforms for nuclear organization
and, in some instances, attachment points for specific

Figure 1. Changes of chromatin organization during preimplantation development. (A) Schematic representation of the main building
blocks and their organization on a mouse chromosome. rDNA repeats are present in only five of the 20 chromosomes in mice. (B) The
differences in nuclear organization betweenmature gametes, preimplantation stages, and somatic cells are readily observable by a simple
DNA (DAPI) staining. The top part of the scheme depicts the localization of the repetitiveDNAelements studied by FISH:major satellites
(green), minor satellites (yellow), rDNA (purple), and distal telomeres (red). In themature sperm, rDNA and centromeric repeats cluster in
the center, while distal telomeres are peripheral. During oocyte growth, centromeric repeats gradually assemble into a ring-like structure
around the nucleolar precursor bodies (NPBs) and stay associated with themuntil the late two-cell stage, when they start reclustering into
chromocenters, similar to somatic cells (fibroblast). rDNA is associatedwith the periphery ofNPBs in oocytes and early embryos and grad-
ually occupies nucleolar localization as somatic-like nucleoli form in place of NPBs. The localization of telomeres has not been deter-
mined in oocytes and, apart from the mature sperm, their localization has not been associated with nuclear compartments. The
second scheme shows the localization of gene-rich (orange) and gene-poor (green) chromosomes as well as paternal (light blue) andmater-
nal (pink) X chromosomes. Based on studies in bovine embryos, the gene density of a chromosome does not correlate with its radial po-
sition prior to embryonic genome activation (EGA, which occurs at the eight-cell stage in cattle and at the two-cell stage in mice).
However, after EGA, gene-poor chromosomes occupy more peripheral localization compared with gene-dense ones. The imprinted inac-
tive paternal X chromosome is preferably associated with the NPB in two- and four-cell stage mouse embryos but relocates from the NPB
by the eight-cell stage. In the somatic cell depicted, due to random X inactivation, one of the X chromosomes forms the Barr body, pref-
erentially located at the nuclear periphery.
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genomic loci. Indeed, the composition of the nuclear
lamina, the position and architectural changes of the nu-
cleolus, and the sequestration of genomic loci and regula-
tory proteins into promyelocytic leukemia (PML) bodies,
nuclear speckles, histone locus bodies, transcription fac-
tories, Cajal bodies, and others have all been linked to
gene regulation across a variety of cell types (Solovei
et al. 2004; Peric-Hupkes et al. 2010; Sleeman and Trin-
kle-Mulcahy 2014).
Global changes in nuclear architecture are readily ob-

servable during tumorigenesis or differentiation or be-
tween different cell types. Rod cells from the retina of
nocturnal mammals are a drastic example. They show
global relocation of pericentromeric heterochromatin to
the nuclear center during their post-mitotic terminal dif-
ferentiation (Solovei et al. 2009). Studying this process in
rod nuclei has yielded valuable information on themolec-
ular mechanisms responsible for peripheral heterochro-
matin localization (Solovei et al. 2013).
The preimplantationmammalian embryo is another ex-

ample. The nuclei of early embryos undergo an equally
drastic yet very different global chromatin reorganization
that occurs over just a couple of divisions after fertiliza-
tion. These changes are visible when imaging the DNA
directly and are dominated by the relocalization of AT-
rich satellite sequences that are heavily labeled by, e.g.,
DAPI (Fig. 1B). The timing of this restructuring of the nu-
clear architecture coincides with the period of epigenetic
reprogramming, the loss of totipotency, and the very first
cell fate decisions. However, whether changes in nuclear
organization are functionally required for these key bio-
logical processes is unknown. Notwithstanding, because
similar general changes of chromatin organization are re-
capitulated in in vitro fertilized embryos and somatic cell
nuclear transfer (SCNT)-derived embryos (Martin et al.
2006b; Popken et al. 2014), it is possible that this reorgani-
zation is a general feature of reprogramming to a totipo-
tent state.
Here, we first review in general the protein composition

of the main reference points of the nucleus and summa-
rize how they are thought to serve as platforms for genome
organization.We then collect the currently available liter-
ature on these subnuclear compartments and on how
chromatin is organized in relation to mainly mouse pre-
implantation development

General overview of the main nuclear organizing
platforms

Nuclear periphery: the nuclear lamina

The protein meshwork of intermediate-type filaments
called the nuclear lamina provides the primary scaffold
for the nuclear envelope. Themain constituents of the nu-
clear lamina are A- and B-type lamins. Lamins B1 and B2
are transcribed from different genes, and at least one of
them is present in every cell type (Dechat et al. 2010).
The Lmna gene encodes two splice variants, lamins
A and C, which differ in their C termini. Contrary to
B-type lamins, lamin A has also been suggested to localize

to the nuclear interior in some cell types analyzed, al-
though the relevance of this finding is unclear (Legartova
et al. 2014).
In higher eukaryotes, chromatin in the proximity of

the nuclear lamina tends to be more heterochromatic
and gene-poor and contains developmentally silenced
and late-replicating domains (Guelen et al. 2008; Peric-
Hupkes et al. 2010). This notion is supported by tethering
experiments that show that recruitment of genetically
modified loci using bacterial arrays to the nuclear periph-
ery can result in their repression, albeit not in all cases an-
alyzed (Finlan et al. 2008; Kumaran and Spector 2008;
Reddy et al. 2008). Technically, the positional relation-
ship between the genome and the nuclear lamina can be
addressed using DNA adenine methyltransferase identifi-
cation (DamID), in which the Dam enzyme of Escherichia
coli is fused to components of the nuclear lamina and pro-
vokes 6A methylation in genomic regions that are in
proximity. DamID allows the creation of maps of nuclear
lamina contact probabilities across cell populations
but also in single cells (Kind et al. 2015). Chromatin im-
munoprecipitation (ChIP) analysis of lamin B1 and lamin
B1-DamID yield similar patterns of nuclear lamina as-
sociations (Handoko et al. 2011). Genome-wide mapping
of nuclear lamina-proximal regions (referred to as lami-
na-associated domains [LADs]) in mouse embryonic
stem cells (mESCs) and neural precursor cells revealed
that the profile of LADs changes with cell differentiation
(Peric-Hupkes et al. 2010). Interestingly however, the pe-
ripheral domain organization of chromatin does not
seem to depend on lamins, at least in mESCs, indicating
that other factors might be responsible for establishing a
cell type-specific LAD composition in these cells (Amen-
dola and van Steensel 2015). In some other more dif-
ferentiated cell types, however, peripheral tethering of
heterochromatin does depend on A-type lamins (Solovei
et al. 2013).
Association of specific chromatin domains with the nu-

clear periphery can occur by several lamin-associated
transmembrane proteins. Among them, lamin-B receptor
(LBR) can anchor genomic regions through the recognition
of heterochromatic histone marks directly or through
binding to heterochromatin protein 1 (HP1) (Ye and Wor-
man 1996; Hirano et al. 2012). LBR deletion or overexpres-
sion leads to a global change in nuclear organization,
mainly of peripheral heterochromatin (Solovei et al.
2013). Other integral proteins of the nuclear envelope
that contain a LEM domain (such as Lap2, Emerin, and
Man1) mainly interact with chromatin through indirect
binding via the barrier to autointegration factor (BAF)
(Wilson and Foisner 2010). Additionally, other compo-
nents of the nuclear membrane integrate cytoplasmic
signals to the nuclear interior. Proteins of the linker
of nucleoskeleton and cytoskeleton (LINC) complex con-
tain either SUN or KASH domains that enable them to
span either the inner or outer nuclear membrane and
thus can become mediators of mechanotransduction
stimuli from the cytoskeleton (Osmanagic-Myers et al.
2015). Although little is known as to whether and how
proteins of the LINC complex might determine genome
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organization, increasing evidence demonstrates that me-
chanical signals from the cytoplasm can regulate gene
expression (Ghosh et al. 2012; Kumar et al. 2014).
However, this has not yet been explored in the context
of early development. Whether and how mechanotrans-
duction can affect nuclear organization of development
will be an important research avenue in the following
years.

Proteins of the nuclear pore complex (NPC) exert their
function on the genome at several scales (for a recent
detailed review, see Ibarra and Hetzer 2015). Briefly, in
addition to their function as NPC building blocks to cre-
ate channels for nucleocytoplasmic transport, nucleopor-
ins (Nups) are also regarded as key reference points for
genome organization and as regulators of gene expression.
In yeast, anchoring of actively transcribed genes to NPCs
is well documented and widespread even though, in some
cases, a repressive effect of the pores has also been ob-
served. Nup-dependent chromatin anchoring also affects
global nuclear organization inDrosophila oocytes (Breuer
andOhkura 2015). Inmammals,Nups can bind chromatin
when sequestered into the nuclear envelope, and soluble,
nucleoplasmic Nups can regulate gene activity (Kalverda
et al. 2010). For instance, in mESC cultures, Nup153
acts both in the nucleoplasm and when incorporated
into the nuclear envelope to repress developmental genes
associated with differentiation. Those Nup153 target
genes that localize to the nuclear periphery shift toward
the nuclear interior upon Nup153 depletion, accompa-
nied by their transcriptional activation, indicating that
Nups can serve as attachment points of genome organiza-
tion (Jacinto et al. 2015).

Nuclear subcomparments: the nucleolus

The nucleolus forms around rDNA (clusters of the tan-
demly repeated ribosomal RNA genes). Somatic cell nu-
cleoli show a typical tripartite morphology with defined
functions. The transcription of rRNAbyRNApolymerase
I (Pol I) occurs at the central fibrillar regions and dense fi-
brillar components of the nucleolus, while the processing
of rRNAs takes place in the distinct granular components.
Genomic regions associated with nucleoli are referred
to as nucleolus-associated domains (NADs). Active tran-
scription within NADs arises from rRNA genes as
well as genes transcribed by RNA Pol III. Interestingly,
RNA Pol II-dependent genes within NADs tend to be si-
lenced and labeled with repressive histone modifications
(Nemeth et al. 2010; van Koningsbruggen et al. 2010).
NADs and LADs are similar in size (0.1–10 Mb) and
show a substantial overlap. Themovement of genomic re-
gions from the nuclear lamina to the nucleolus over cell
division (Kind et al. 2013) suggests that the nucleolus
might be a compartment that promotes silencing of Pol
II-dependent transcription similarly to the nuclear lami-
na. Functional interactions between the nuclear lamina
and the nucleoli are indeed documented, and lamin B1
physically interacts with one of the main components of
the nucleolus, Nucleophosmin 1. Additionally, depletion
of lamin B1 inHeLa cells causes rearrangement of nucleoli

(Martin et al. 2009). Thus, both the nuclear lamina and the
nucleolus have been correlated with gene silencing.

According to the definitions and items discussed above,
we summarize the current knowledge of the changes in
nuclear components and in the 3D organization of chro-
matin occurring during early mammalian development.
While the nucleolus and, to some extent, the components
of the nuclear lamina have been better studied, the litera-
ture regarding other nuclear compartments is scarce, and
we therefore focus on the former.

Nuclear compartments of the preimplantation embryo

Nuclear envelope: making the first embryonic nuclei

Upon fertilization, the nuclear envelope of the sperm is
rapidly degraded, and maternally derived nuclear mem-
branes contribute to the formation of the nuclear envelope
of both pronuclei (Usui et al. 1997). Specifically in zygotes
and two-cell stage embryos, the innermembrane of thenu-
clearenvelope forms“blebs” that seemtocontaingranular
material and fold into the perinuclear space (Szollosi and
Szollosi 1988). The investigators hypothesize that bleb-
bing could constitute a form of material transport from
the nucleus, as vesicles detaching toward the cytoplasm
are seen in zygotes and two-cell embryos. Indeed, recent
findings in Drosophila showing nuclear envelope-embed-
ded nucleocytoplasmic export of signaling molecules
have been documented (Speese et al. 2012). Importantly,
blebbing is induced in somatic donor nuclei upon SCNT,
suggesting that this process could be linked to reprogram-
ming. Investigating the exact molecular composition of
these blebs should provide answers to these questions.

From the two-cell stage onward, invaginations of the in-
ner nuclear membrane toward the nucleoplasm become
increasingly frequent (Szollosi and Szollosi 1988). Such in-
vaginations have been observed in bovine preimplanta-
tion embryos as well, and the investigators of this study
suggest that this folding might be related to the shrinking
of nuclear size occurring over development (Popken et al.
2015). Because the degree of fluctuations in the folding
and shape of the nuclear envelope and the turnover of
lamin B1 are higher in ESCs comparedwithmouse embry-
onic fibroblasts (MEFs) (Bhattacharya et al. 2009), it is
plausible that this higher plasticity of the nuclear periph-
ery is related to amore undifferentiated state. However, in
preimplantation stages, such measures have not been
quantitatively compared. Current knowledge from the
preimplantation embryo regarding the dynamics of the
nucleus is restricted to the core mobility of histones. His-
tone mobility is higher in the totipotent two-cell stage
embryo compared with the more pluripotent eight-cell
stage nuclei (Boskovic et al. 2014), in line with a higher
histone core mobility of ESCs compared with differentiat-
ed cells (Meshorer et al. 2006). Additionally, lamin B1
shows a higher turnover in ESCs than in MEFs as mea-
sured by fluorescence recovery after photobleaching
(FRAP), suggesting a higher plasticity of the nuclear lam-
ina in pluripotent cells as compared with somatic cells
(Bhattacharya et al. 2009).
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Lamins in the embryo

Zygotic deletion of lamins B1 and B2 simultaneously or
lamin A alone results in lethality at birth or ∼2 wk after,
respectively (Sullivan et al. 1999; Kim et al. 2011; Kim
and Zheng 2013). However, lamin B1, B2, and A triple-
knockout mESCs are capable of differentiation into all
germ layers (Kim et al. 2013). Still, whether lamins are
important for germline development or whether their
maternal pools are necessary for progression through pre-
implantation stages has not been investigated. While
mouse oocytes contain all of the canonical lamin isoforms
(B1/B2, A, and C), mature spermatozoa are devoid of lam-
ins (Schutz et al. 2005). In the oocyte, lamin A/C appear to
be nonuniformly distributed along the nuclear envelope
(Arnault et al. 2010). It was also observed that lamin A
from oocytes shows decreased electrophoretic mobility
compared with lamin A from fertilized embryos or any
other mouse tissues, suggesting the existence of an oo-
cyte-specific post-translational modification of lamin A
(Houliston et al. 1988). Contrary to B-type lamins that
are expressed at similar levels throughout preimplantation
development, the level of lamin A/C decreases after fertil-
ization, and several groups were unable to identify A-type
lamins beyond the morula stage, the protein only becom-
ing detectable again after embryonic day 9 (E9) (Schatten
et al. 1985;Maul et al. 1987; Stewart and Burke 1987). Oth-
ers have detected low levels of laminA/C in all preimplan-
tation stages, including blastocysts (Houliston et al. 1988;
Eckersley-Maslin et al. 2013). These discrepancies may be
due to antibody sensitivity. As translation of lamin A is
seen in oocytes but only veryweakly in eight-cell embryos
(Houliston et al. 1988), it ismost likely that the dilution of
maternal lamin A over the first cleavages accounts for the
very low A-type lamin immunoreactivity of the embryo.
Because the level of lamin A expression correlates with

differentiation, with mESCs having significantly less A-
type lamins when compared with differentiated cells
(Constantinescu et al. 2006), it is plausible that the low
A-type lamin level could be a prerequisite for the totipo-
tent/pluripotent state. However, this does not seem to
be so straightforward, as the overexpression of A-type lam-
ins in ESCs does not affect pluripotency gene expression,
differentiation potential, or growth (Peter and Nigg 1991;
Melcer et al. 2012). Thus, whether lamin A/C levels play a
role in cell plasticity and reprogramming in vivo still
awaits functional testing. The early mouse embryo is
clearly an ideal choice to directly address this. Some infor-
mation on the potential role of lamin A during reprogram-
ming stems from an SCNT study reporting that the
reforming donor nuclei acquire strong perinuclear lamin
A/C. This protein originates from newly transcribed
RNA upon nuclear transfer, likely being the result of the
somatic transcription program of the injected nucleus
(Moreira et al. 2003). This raises the interesting possibility
that high levels of A-type lamins in SCNT embryosmight
act as one of the barriers to efficient reprogramming. How-
ever, some interspecies differences may exist, as bovine
and porcine SCNT embryos have A-type lamins present
to an extent similar to and at the same stages of develop-

ment as their IVF counterparts (Lee et al. 2007; Kelly et al.
2010).
It is plausible that early embryo-specific intermediate-

type filaments might exist. Indeed, three proteins of the
transcription-requiring complex (TRC) that are common-
ly used as markers for embryonic genome activation
(EGA) were originally described as lamin-like proteins in
the early 1990s based on their biochemical properties
(Conover et al. 1991). However, whether these proteins
are actual structural components of the nuclear lamina
in the embryo and whether they contribute to organiza-
tion or scaffolding of the nucleus have not been explored
to date.

Phenotypes linked to nuclear envelope components
and Nups

The maternal protein deposit of the oocyte remains pre-
sent over several cell divisions after fertilization; thus,
conventional zygotic gene knockout embryos derived
from crosses between heterozygous parents are temporal-
ly not devoid of the targeted gene product. To address the
function of a protein in early development, it is necessary
to use maternal or maternal-zygotic deletion strategies;
however, this is rarely pursued when knockout mice are
generated. Zygotic LBR knockout embryos are born at
sub-Mendelian ratios, with half of them likely dying be-
fore implantation, as no signs of a reabsorbed fetus are vis-
ible upon examination of heterozygous crosses (Shultz
et al. 2003; Cohen et al. 2008). Moreover, two different
LBR knockouts are either subfertile or sterile depending
on the type of themutation (Cohen et al. 2008), suggesting
a role for LBR in gametogenesis and preimplantation de-
velopment, but the exact cause of sterility and whether
this is linked to defects in nuclear organization have not
been explored. Zygotic deletion of Emerin does not affect
development or fertility (Ozawa et al. 2006), and, although
zygotic Man1-deficient embryos die at E10 due to defec-
tive TGFβ signaling (Cohen et al. 2007), conditional, tis-
sue-specific mutants have not been created to address
whether Man1 plays a role in germ cell development
and/or after fertilization.
Recent 3D-SIM superresolution analyses have revealed

that, during the first few cleavages of bovine embryos,
NPCs are not detected in the nuclear envelope at re-
gions where no chromatin accumulation is observed at
the nuclear periphery, as assessed by DAPI (Popken et al.
2015). After EGA, the distribution of NPCs becomes
uniform, suggesting that changes in the spatial composi-
tion of the nuclear envelope correlate with changes in de
novo transcriptional activity. To address the functionality
ofNPCcomponents indevelopment, zygoticknockouts of
severalNups have been generated inmice, which result in
embryonic lethality with a variety of phenotypes. Nup214
and Rae1 mutants die before implantation, at the time
when the maternally derived protein is completely ex-
hausted (van Deursen et al. 1996; Babu et al. 2003). Dele-
tion of other NPC subunits like Nup62/98/133/155
results in lethality at a later developmental stage, between
E7 and E10 (Wu et al. 2001; Lupu et al. 2008; Zhang et al.
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2008) Nup50 mutants die at late gestation (Smitherman
et al. 2000), but the stage of embryonic lethality for
Nup96 deletion was not determined (Faria et al. 2006).

Nucleolar precursor bodies (NPBs) are major organizers
of embryonic nuclear architecture

Nucleoli in fully grown oocytes, zygotes, and two-cell
stage embryos are compact, homogenous structures with-
out distinctive fibrillar and granular components (Flechon
and Kopecny 1998). Due to this unique nucleolar mor-
phology, the nucleoli at these stages are commonly
referred to as NPBs or nucleolar-like bodies (NLBs). Al-
though little is known of their exact function, the number
and distribution of NPBs in human pronuclei can serve
as an indicator of embryonic developmental potential
(Tesarik and Greco 1999; Gianaroli et al. 2003). The for-
mation of NPBs from nucleoli occurs gradually during oo-
cyte growth (Chouinard 1971) together with the changes
in global chromatin reorganization of centromeric se-
quences (Fig. 1B). In fully grown oocytes, the NPB be-
comes transiently transcriptionally silent to become
reactivated only after fertilization. Recently, rRNA tran-
scription has been detected at the NPB as early as the zy-
gote (Lin et al. 2014), contrary to previous data (Zatsepina
et al. 2003), which suggested that rDNA transcription
commences only at the late two-cell stage. The number
of NPBs decreases during the cell cycle and over the pro-
gression from the zygote to the eight-cell stage, and the
conventional tripartite morphology of somatic-type nu-
cleoli gradually starts to appear forming around the NPB
as a core (Flechon and Kopecny 1998; Aguirre-Lavin
et al. 2012). Importantly, within 3 h after SCNT, NPBs
morphologically identical to those in fertilized embryos
form, and their number correlateswith developmental po-
tential, raising the possibility that NPB formation might
be a critical component of reprogramming to the totipo-
tent state (Martin et al. 2006b).

The role of NPBs has been investigated through their
microsurgical removal (enucleolation) and reinjection at
different developmental stages. During oocyte develop-
ment, the “stage” of the nucleolus is crucial for meiotic
resumption, as the transfer of the nucleolus from growing
porcine oocytes into enucleolated fully grown oocytes
compromises meiotic maturation. In addition, if the nu-
cleolus of growing oocytes is removed, oocytes enter mei-
otic maturation more often, suggesting that the growing
stage nucleolus hinders entry into meiosis I (Kyogoku
et al. 2011). However, the NPB of the fully grown oocyte
has no role inmeiosis, as enucleolated fully grownoocytes
show no defects in chromosome segregation or spindle as-
sembly in the two meiotic divisions (Ogushi et al. 2008).

When enucleolated oocytes are either fertilized, parthe-
nogenetically activated, or used for SCNT experiments,
the resulting embryos never develop to the blastocyst
stage (Ogushi et al. 2008). Similarly, mice lacking the
main protein component of the NPB (Npm2−/−) show no
defects in meiosis, but the majority of zygotes arrest at
the two-cell stage (Burns et al. 2003). A likely explanation
for this developmental failuremight lie in changes to glob-

al nuclear organization: Centromeres in zygotes derived
from enucleolated oocytes become scattered around the
nucleoplasm, contrary to their otherwise normal distribu-
tion in rings around the NPBs (Fig. 1B). This abnormal
chromatin organization of zygotes derived from enucleo-
lated oocytes can be restored and the developmental arrest
can be rescued when the enucleolated oocytes are rein-
jectedwithNPBs from oocytes or two-cell embryos before
fertilization (Ogushi et al. 2008; Kyogoku et al. 2012).
Strikingly, the reinjection of NPBs after fertilization into
early pronuclear stage zygotes does not restore develop-
ment (Ogushi and Saitou 2010), indicating that the NPB
might exert its main and perhaps only function in the
very early zygote. This idea is further supported by exper-
iments showing that the removal of NPBs from early zy-
gotes does not abrogate development to term (Kyogoku
et al. 2014). Although NPB transfer and enucleolation
may result in the removal of a number of additional fac-
tors during the procedure, the fact that both zygotes de-
rived from enucleolated oocytes and Npm2−/− embryos
show a delay in the first mitosis (Burns et al. 2003; Ogushi
and Saitou 2010) suggests that the surface of the NPB
might provide a platform for the establishment of a cen-
tromeric chromatin state necessary for proper chromo-
some segregation. However, the role of NPBs seems to
be critical only shortly after fertilization, most likely at
the time when pronuclei are being formed.

PML and Cajal bodies in embryos

Information on other nuclear compartments is largely
lacking with respect to preimplantation development.
To our knowledge, the only two compartments investi-
gated are the Cajal and PML bodies. The latter are defined
primarily by the accumulation of the PML protein. Origi-
nally thought of as storage bodies, they have emerged as
potential additional organizers of the nucleus required
for heterochromatin integrity. Nevertheless, the number
of studies documenting the presence of PML in mamma-
lian preimplantation embryos is limited (Cho et al.
2011), and these studies have not addressed a potential
function or structural role of these subnuclear bodies in
early embryos. Cajal bodies are 0.5- to 1-µm-sized spheri-
cal structures present in the nucleus of most cell types.
They are thought to play a role in the biogenesis of small
nuclear ribonucleoproteins (snRNPs) that contribute to
the pre-mRNA processing machinery (Cioce and Lamond
2005). However, the exact function of Cajal bodies still re-
mains elusive, not only during preimplantation develop-
ment. The main component of Cajal bodies, coilin,
colocalizes with fibrillarin in numerous foci around the
NPBs in zygotes and gradually accumulates into a single
patch away from the NPB by the end of two-cell stage.
It has been proposed that the Cajal body might serve as
a site for preassembly of the rRNA transcription machin-
ery, which becomes recruited to rDNA around the NPBs
at the late two-cell stage (Zatsepina et al. 2003). However,
in light of the recent identification of rRNA transcription
at the zygote stage (Lin et al. 2014), these interpretations
are questionable. Although mutant mice homozygous
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for coilin following zygotic or maternal-zygotic deletion
of the p80 coilin protein are born at sub-Mendelian ratios
and produce reduced litter sizes, this main component of
the Cajal body appears to be dispensable for development
(Walker et al. 2009).

Chromatin organization of the preimplantation embryo

Spectroscopic imaging studies have highlighted that nu-
clei of zygotes, and early two-cell stage embryos are
devoid of highly compacted, dense chromatin, which is
only poorly visible in proximity to the nuclear envelope
or around nucleoli (Ahmed et al. 2010). These data suggest
that the general idea of the nuclear periphery as a silencing
compartment in somatic cellsmight not hold in these ear-
ly developmental stages. In most cell types, gene-dense
chromosomes localize internally compared with gene-
poor ones (Mayer et al. 2005). However, one study apply-
ing 3D DNA-FISH to bovine embryos from the zygote to
the blastocyst stage revealed that, in embryos prior to
EGA, the gene density of a chromosome does not correlate
with its radial distribution (Fig. 1B). However, this distri-
bution is changed shortly after the zygotic genome initi-
ates transcription, when gene-poor chromosomes start
occupying more peripheral territories compared with
those with more genes (Koehler et al. 2009).
Apart from these few studies on the spatial distribution

of the autosomes, the relative position of the X chromo-
some across preimplantation stages has been studied in
mice (Namekawa et al. 2010). During imprinted X inacti-
vation, the paternal X chromosome (Xp), but not the ma-
ternal one (Xm), is closely associated with the NPBs in
most two-cell and four-cell but not the eight-cell or later
stage embryos, as demonstrated by combined chromo-
some painting and DNA-FISH for Xist (Fig. 1B). Thus,
NPB association may underlie the epigenetic asymmetry
of Xp and Xm at the onset of silencing. In addition, the re-
peats within the Xp translocate into the X territory during
X inactivation.
Although the above-mentioned studies demonstrate

some peculiarities of the global and, to some extent, chro-
mosomal organization of embryos, until now, neither
single locus nor genome-wide profiling of nuclear organi-
zation has been performed on preimplantation embryos.
Thus, to date, the currently available information on spe-
cific genomic regions includes only repetitive sequences
of centromeres, telomeres, and rDNA studied through
3D DNA-FISH.
Inmice, one of themost visible changes in nuclear orga-

nization occurs at the transition from the two-cell to the
four-cell stage, with the reorganization of the centro-
meres. The core of the centromere is organized around
minor satellite repeats that are enriched in CENP-A
(CenH3), a specific histone H3 variant crucial for kineto-
chore assembly. Minor satellites are flanked by pericen-
tromeric heterochromatin that is built on major satellite
repeats (Fig. 1A) and whose proper heterochromatin con-
figuration is essential for chromosome segregation. In
mouse interphase somatic nuclei, pericentromeric and

centromeric sequences of several chromosomes cluster
together, forming so-called chromocenters. Structurally,
the pericentromeric sequences of different chromosomes
are intermingled and surrounded by isolated pericentro-
meric DNA sequences of single chromosomes (Guenatri
et al. 2004). In fully grown oocytes, drastic changes in nu-
clear organization occur, which are mainly observed by
the relocation of pericentromeric repeats from chromo-
centers into ring-like structures around the NPBs (Zuc-
cotti et al. 2005). This transition in nuclear architecture
correlates with meiotic competence and preimplantation
developmental potential (Zuccotti et al. 1998).
In the zygote, the formation of pericentromeric rings

shows asymmetric parental dynamics. In the maternal
pronucleus, the pericentromeres occupy the surface of
the NPB already from a few hours after pronuclear forma-
tion. In contrast, the pericentromeric repeats in the male
pronucleus first cluster in an unorganizedmass at the cen-
ter of the pronucleus and restructure around the surface of
the NPBs later compared with the maternal pronucleus
(Aguirre-Lavin et al. 2012). The chromatin structure of
mature sperm provides a plausible explanation for this
asymmetry, as pericentromeric domains are found in a
single cluster in the center of the sperm nucleus (Haaf
and Ward 1995). Of note, a minority of the pericentro-
meric signals does not localize to the NPB in either the
male or female pronuclei but is positioned close to the nu-
clear periphery.
As the NORs of most Mus musculus subspecies are lo-

cated on six autosomes and as are all centromerically lo-
cated (Britton-Davidian et al. 2012; Gibbons et al. 2015),
it was initially suggested that rDNA might be a player
for the peripheral NPB localization of pericentromeres.
However, 3D mapping of rDNA by DNA-FISH in the zy-
gote revealed that chromosomes without NORs also asso-
ciate with NPBs, and not all rDNA-bearing chromosomes
have their centromeres on the NPB surface, but some sit
close to the nuclear periphery (Aguirre-Lavin et al.
2012). Thus, rDNAalone does not seem to cause the pecu-
liar organization of pericentromeres around the NPB. Re-
cent experimental evidence indicates that the 3D location
of centromeres around the NPB is a prerequisite for em-
bryonic development. When major satellite sequences
were artificially tethered away from the NPB, toward
the nuclear envelope, in two-cell stage embryos, develop-
ment to blastocyst was compromised, possibly due to in-
sufficient centromeric heterochromatin organization
and defective silencing (Jachowicz et al. 2013). Important-
ly, these observations indicate that embryonic nuclei are
functionally regionalized from the earliest stages of devel-
opment. In addition, these experiments suggest that the
nuclear envelope is not de facto a silent compartment.
The molecular mechanism of how the NPB serves as a
platform for genome organization in the embryo remains
to be determined.
Coinciding with the time of EGA, the most apparent

chromatin reorganization starts at the late two-cell stage,
when most pericentromeric sequences, which still local-
ize in a “shell” around NPBs similarly to zygotes, start
to recluster into patches yet still associate with the
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NPBs (Martin et al. 2006a; Probst et al. 2007; Aguirre-
Lavin et al. 2012). In the four-cell stage, pericentromeric
sequences become dissociated from the NPBs and, from
the eight-cell stage onward, appear as conventional chro-
mocenters distributed over the nucleoplasm. The timing
of this large-scale genome reorganization is similar in fer-
tilized, parthenogenetically activated, and SCNT embry-
os, suggesting that the formation of chromocenters is
linked to loss of totipotency (Martin et al. 2006b; Merico
et al. 2007). Indeed, the interference with major satellite
transcripts results in incomplete chromocenter formation
and a developmental arrest at the two-cell stage (Probst
et al. 2010; Casanova et al. 2013). However, the molecular
mechanism behind and the exact role of this large-scale
chromatin reorganization remain to be deciphered.

Analysis of the localization of telomeres, also hetero-
chromatic in nature, has also been performed in both
the early embryo and the germline. The positioning of
telomeres during germ cell development shows a clear
patterning, as the recruitment of telomeres to the nuclear
periphery is necessary during meiotic recombination in
both sexes (Ding et al. 2007). Although this configuration
seems to be kept even in themature sperm head (Haaf and
Ward 1995), germinal vesicle (GV) oocytes have not been
systematically analyzed for the position of telomeres.
From the zygote stage onward, the distal telomeres are
found either close to the nuclear periphery or free in the
nucleoplasm without any obvious patterning (Aguirre-
Lavin et al. 2012). Telomeres of zygotes and two-cell stage
embryos undergo alternative lengthening of telomeres
(ALT) to reset the shortened gametic telomeres to somatic
length (Liu et al. 2007). However, whether the process of
ALT in the early embryo is associatedwith specific subnu-
clear compartments (such as PML bodies) has not been
investigated.

From all of the above together, it is evident that the em-
bryo at the zygote and two-cell stages displays major dif-
ferences in global nuclear organization as compared
with embryos at later stages. This is mostly defined by
the localization of pericentromeres but also by the chang-
es in the relative position of chromosome territories of
gene-rich and gene-poor regions. Therefore, we can distin-
guish two “global” patterns of nuclear organization in pre-
implantation embryos: one atypical pattern with central
NPBs and few electron-dense regions in proximity to the
nuclear membrane and the second one, which is more
similar to that of mESCs and differentiated cells, charac-
terized by the presence of chromocentres and a clear accu-
mulation of heterochromatin in proximity to the nuclear
lamina. Biologically, we postulate that these two states
might delineate totipotent versus pluripotent nuclei.

Conclusions and perspectives

In conclusion, the preimplantation embryo offers a valu-
able system to study how changes in genome organization
might play a role in cell differentiation and cellular state.
While many studies pertaining to nuclear organization
have been performed using ESCs, nuclear organization

of ESCs must not be extrapolated to nuclear organization,
at least in its global topological and functional features, in
preimplantation embryos. The advent of single-cell tech-
niques to study nuclear organization will begin to shed
light on a more refined analysis of embryonic nuclear or-
ganization, in particular to define potential changes of
specific genomic regions across development. The adapta-
tion of approaches such as formaldehyde-assisted isola-
tion of regulatory elements (FAIRE) sequencing (FAIRE-
seq), DamID, or DNase sequencing (DNase-seq) to single
cells of the early embryo will be a first step toward this
goal and a necessary requirement to address a potential
function of nuclear organization in regulating cellular
plasticity.
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