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Abstract

The unicellular metazoan zygote undergoes a series of cell divisions that are central to its
development into an embryo. Differentiation of embryonic cells leads eventually to the
development of a functional adult. Fate specification of pluripotent embryonic cells occurs during
the early embryonic cleavage divisions in several animals. Early development is characterized by
well-known stages of embryogenesis documented across animals—morulation, blastulation, and
morphogenetic processes such as gastrulation, all of which contribute to differentiation and tissue
specification. Despite this broad conservation, there exist clearly discernible morphological and
functional differences across early embryonic stages in metazoans. Variations in the mitotic
mechanisms of early embryonic cell divisions play key roles in governing these gross differences
that eventually encode developmental patterns. In this review, we discuss molecular mechanisms
of both karyokinesis (nuclear division) and cytokinesis (cytoplasmic separation) during early
embryonic divisions. We outline the broadly conserved molecular pathways that operate in these
two stages in early embryonic mitoses. In addition, we highlight mechanistic variations in these
two stages across different organisms. We finally discuss outstanding questions of interest,
answers to which would illuminate the role of divergent mitotic mechanisms in shaping early
animal embryogenesis.
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Introduction

Cell division is a key process shaping normal embryonic development. Mitosis involves the
segregation of the replicated genome (karyokinesis) and separation of the cytoplasmic
content (cytokinesis). These two key steps are tightly regulated in space and time during
normal embryogenesis. Understanding cell division is thus crucial to understand
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developmental processes, leading to tissue and organ formation. The development of a single
cell zygote into a multicellular functional adult involves multiple rounds of cell division.
Early embryonic cleavage divisions, unlike later divisions, lack G1-G2 checkpoints (1) and
depend heavily on maternal factors that continue dividing the egg cytoplasm into smaller
cells, often employing the asymmetric mode of division (1). The molecular regulation of
early embryonic divisions is an area of intense study. In this review, we discuss the broadly
conserved mechanisms involved in nuclear and cytoplasmic divisions during early
embryogenesis across different metazoan species, emphasizing species-specific differences.

Early Mitosis

The entry of embryonic cells into mitosis is characterized by chromosome condensation and
nuclear envelope disintegration during prometaphase, mixing nuclear and cytoplasmic
contents. This stage is signified by dramatic changes to both microtubule and actin
cytoskeletal networks. Dynamic cytoskeletal reorganization leads to the hallmark spherical
architecture of mitotic cells and a concomitant loss of cell polarity. The conserved mitotic
spindle apparatus consisting of the centrosomes and the reorganized microtubules is formed
and serves as a scaffold on which most events in metaphase are orchestrated. This phase
culminates in equal segregation of sister chromatids to the daughter cells.

Mitotic Rounding and Formation of the Mitotic Spindle

During early mitosis, as chromatin undergoes condensation, major cytoskeletal
rearrangements lead to cells attaining a typical spherical shape (Fig. 1A). This “mitotic
rounding” is seen across metazoa— Dictyostelium, Drosophila melanogaster, mouse, and
cultured human cells. The round shape confines the chromosomes to a limited volume to
facilitate kinetochore-microtubule attachment. Mitotic rounding is crucial for spindle
formation, spindle pole stability, chromosome capture and correct chromosome segregation

@).

The mitotic spindle, consisting of an array of microtubules nucleating from opposite
centrosomes, (microtubule organizing centres—MTOCSs, also called spindle poles) and
numerous associated proteins, ensures equal separation of the genetic material and also
regulates the position of the cytokinetic furrow (Fig. 1A) (3). Formation of the spindle
apparatus begins during prophase with chromatin condensation. The mammalian centrosome
consists of mother and daughter centrioles surrounded by the electron dense pericentriolar
material (PCM). Centrosomes are essential for cells to complete cytokinesis, undergo
mitotic exit and enter into the S phase (4).

During S phase, centrosomes undergo semi-conservative duplication along with the genomic
DNA and by early mitosis (prometaphase), reach the opposite sides of the nucleus, a process
mediated by the microtubule-based motors kinesin Eg5 and dynein (5). After nuclear
membrane breakdown, each centrosome nucleates an aster of microtubules, which form the
spindle poles (Fig. 1A). Microtubules originating from the centrosomes grow and establish
connections with the kinetochores on the centromeric DNA, finally organizing to form the
“fusiform” bipolar spindle apparatus (Fig. 1A) (6). The spindle is composed of three kinds
of microtubules—Kkinetochore, interpolar, and astral microtubules. The kinetochore
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microtubules attach to the chromosomes and separate them at anaphase. Interpolar
microtubules form antiparallel arrays between the spindle poles and regulate the position of
the cytokinetic furrow. Astral microtubules anchor the spindle to the cortex and regulate the
orientation of the division axis and the position of cytokinesis (Fig. 1A) (3). Spindle
microtubules undergo dynamic turnover, allowing rapid attachment to the chromosomes
during spindle assembly. Microtubule dynamics is regulated by the activity of several
microtubule associated proteins (MAPSs) that are required for maintaining microtubular
homeostasis (4).

There are two accepted models of spindle formation. The “search and capture” model
suggests that the bipolar spindle is formed by mediating chromosome and microtubule
attachments via pulling and pushing forces derived from molecular motors cytoplasmic
dyneins and kinesins (7). The “self-assembly model” postulates that kinetochore fibers form
spontaneously and interact with the centrosomal microtubules. In most cases, including
mammalian cells, a combination of these two models has been reported (7). In most cells,
centrosomes are required for spindle assembly. However, bipolar spindles can form even in
the absence of centrosomes (4). Germ cells, like oocytes of Xenopusand mammals, lack
centrioles and centrosomes and follow the acentriolar pathway of spindle assembly wherein
spindles are assembled by nucleation of microtubules adjacent to the chromosomes (8). The
breakdown of the germinal vesicle in the oocyte results in the formation of cytoplasmic
MTOCSs which move toward the chromosomes with the help of dyneins. Thus, a ball of
microtubules is formed at the site of chromosomes. The kinetochores mediate attachment of
the chromosomes to the outer surface of this ball, giving a “belt like” appearance of
chromosomes around the ball. The MTOCs become spatially organized to two opposite
poles of the ball, and the belt of chromosomes forms the future metaphase plate. The kinesin
5 motor pushes the two MTOC poles apart, thus giving rise to the bipolar spindle. This
acentriolar mechanism of spindle assembly by cytoplasmic MTOCs is also employed in
early embryonic divisions in the mouse (6,9).

Spindle Orientation During Embryogenesis

Orientation of the mitotic spindle regulates the positioning of the cell division axis. During
early cleavage divisions, the spindle axis lies along the longest axis of the cytoplasm,
commonly referred to as the Hertwig rule (10,11). During embryogenesis, the orientation of
cell division regulates the content, position, and fate specification of cells, which along with
other events, influences the formation of different tissues and organs. For example, in
Xenopus, cell divisions upto the 32-cell stage are parallel to the surface but later become
perpendicular to give rise to deeper cells that undergo differentiation (Fig. 2A) (11). In
zebrafish embryos, cell divisions in the dorsal tissue are oriented along the long animal-
vegetal axis of the cell, resulting in the elongation of the body axis (Fig. 2C) (10,11). As
neurulation begins, the orientation of cell division shifts to the mediolateral axis (12). In
Drosophilawing imaginal discs, dividing cells orient along the proximal-distal axis (11).
Orientation also affects the spatial relationship between the daughter cells. For example,
during neurogenesis in Drosophila embryos, spindles oriented parallel to the epithelium
generate daughter cells with epithelial fate while those oriented perpendicular generate
daughter cells with neuronal fate (13).
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Spindle orientation is also affected by physical constraints of the cell. For example, sea
urchin eggs, when experimentally forced into different shapes, resulted in some cells not
following the Hertwig rule. The division axis was along the largest axis of symmetry.
Further, the nucleus was repositioned to the center of that specific shape and underwent
elongation according to the future spindle axis. Manipulation of cell shape in developing
mouse embryos also results in changes in the division plane (11). According to the
“centriolic principle of spindle orientation,” centrioles migrate equally during spindle
formation resulting in each division occurring perpendicular to the previous one (10), as
seen in shrimp embryos.

At the molecular level, spindle orientation is regulated primarily by actomyosin contractility
and spatially restricted polarity cues (10,14). In Caenorhabditis elegans, sperm entry results
in the establishment of anterior—posterior polarity in the fertilized egg. The paternal
centrosome initiates nucleation of microtubules and asymmetric contraction of the
actomyosin cytoskeleton in the cell cortex. This leads to distribution of various PAR proteins
to specific domains (Fig. 2B) (15). The PAR proteins play a major role in regulation of
spindle positioning. PAR1 and PAR2 accumulate toward the posterior of the cell whereas
PAR3 and PARG localize to the anterior. During the first division, the spindle aligns with the
anterior—posterior axis and gives rise to two distinct asymmetric daughter cells. The anterior
cell “AB” generates somatic cells while the posterior cell “P1” generates germ line cells
(Fig. 2B) (15). In the nascent P1 cell, the spindle rotates by 90 degrees to again align along
the anterior—posterior axis (15).

In mammalian cells, the alignment of the spindle is controlled by dynein-NuMA (Nuclear
Mitotic Apparatus) complex (Fig. 1C). Lin5 in C. elegansand Mud in Drosophila are
orthologs of vertebrate NuMA. NuMA, a nuclear protein in interphase, localizes to spindle
poles and at the polar cell cortex in mitosis (16). NUMA interacts with cortical proteins
LGN, Inscuteable, and Par3 and p150glued subunit of the dynactin complex at the polar cell
cortex (Fig. 1C). The LGN-NuMA-Ga and PCP (planar cell polarity) pathways are
evolutionarily conserved mechanisms regulating spindle orientation across metazoa (11).
Yet, the mechanism of formation of the cortical NuMA~-dynein—dynactin complex is not
completely understood. The mechanism of regulation of microtubule depolymerization and
cortical tension by this complex also remains an open question. In mammalian cells,
Abelson kinase 1 (Abl1) and Polo like kinase 1 (PIk1) also play important roles in spindle
orientation. Abl1 promotes an increase in the amount of LGN at the cell cortex, thus
inducing formation of the NUMA-LGN complex. In contrast, PIk1, which is enriched at
spindle poles, inhibits cortical dynein. However, the mechanism of PIk1 in the regulation of
spindle positioning is unknown (17). In some cases, cell-cell adhesion also plays an
important role in centrosome positioning and spindle orientation (Fig. 1A). In germ cells of
Drosophila, E-cadherin imparts polarity cues to position the centrosomes and orient the
mitotic spindle (18). In addition, extracellular signals affect spindle orientation. At the 4-cell
stage in C. elegans embryos, the endomesodermal cell (EMS) and P2 cell (germline
precursor cell) orient their division planes toward the shared cell—cell contact interface. This
phenomenon is mediated by dynactin recruited to the cell surface by the MES-Wnt pathway
(14). In zebrafish gastrula, disruption of Dishevelled (Dsh), a Wnt and PCP signaling factor,
results in random cell divisions in the epiblast (11). The PCP pathway involving Wnt5 and
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Whntl1 is known to play key roles in oriented cell division in the fish embryo with dynein
and NuMA acting as downstream effectors. Randomized spindle orientation was seen in
zebrafish epiblast cells upon NuMA knockdown (3). In the developing fly wing as well, loss
of PCP pathway members Fat and Dachsous showed mis-oriented cell division (11).

Positioning of the Mitotic Spindle

Spindle positioning is primarily mediated by astral microtubules and cortical polarity cues.
The astral microtubules arise from the spindle poles and extend their plus ends toward the
cell cortex. One of the most studied models of spindle positioning is the “cortical pulling
mechanism.” Here, cortical dynein exerts pulling forces on the plus ends of astral
microtubules. Dynein provides the pulling force and binds to Lin5 (NuMA in vertebrates),
which in turn is associated with the cortically localized GPR1/2 (G protein regulator, LGN
in vertebrates) and G a (G-protein a) subunit (Fig. 2B). In C. elegans, GPR, NUMA, and the
dynein—dynactin—Lis1 complex, localized asymmetrically during anaphase, exert a greater
pulling force at the posterior end of the cell as compared to the anterior (Fig. 2B). This
pulling results in displacement of the spindle to the posterior and generates daughter cells of
different sizes (11,17,19). RNAi mediated knockdown of dynein results in delay in
alignment of the spindle along the long axis in the C. elegans zygote (20).

In the Xenopus embryo, mitotic spindles are oriented by an intricate balance of apico-basal
forces of the cell during early divisions. Actin and myaosin Il primarily generate the apical
forces. Basally directed forces are generated by astral microtubules and myosin10 (21). In
snail embryos, the asymmetrical positioning of the spindle activates nodal signaling,
resulting in initiation of asymmetry in the embryo (22). In Chaetopterus oocytes and sea
urchin embryos, when the spindle is experimentally pulled away from the cortex, it re-
positions to specific regions of the cortex. This movement is also driven by microtubule
depolymerization and molecular motors (17,23).

Spindle Positioning: Basis for Asymmetric Divisions

The position of the mitotic spindle dictates the site of contractile ring assembly and the size
of daughter cells, which form the basis for asymmetric divisions (19). Asymmetric divisions
are well studied in germ cells, since a mammalian oocyte with 2/Vchromosomes undergoes
asymmetric divisions to achieve genome reduction before fertilization. Due to the dramatic
asymmetrical distribution of cytoplasmic material between the egg and the polar body, the
egg is equipped with a majority of the cellular components to sustain the impending
embryonic development. In C. elegans oocytes, meiotic spindles are positioned by nuclear
localization to the cortical region by microtubular force generated by kinesin 1 (15,24).
Murine oocytes require actin nucleators Formin2, Spire2 and ARP2/3 to position the spindle
(19).

Asymmetric division or unequal portioning of cell fate determinants serves as a key
mechanism to initiate cell fate differentiation in the developing embryo. Asymmetric
division can be due to extracellular signals, polarity cues, and the intrinsic program of the
cell (25). In sea urchin embryos, asymmetric divisions begin at the 16-cell stage. Animal
pole-proximal cells undergo equal divisions while vegetal pole-proximal ones undergo
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unequal divisions, giving rise to micromeres and macromeres (Fig. 2A). The centrosomes in
the micromeres are unique, as they do not generate asters (26). In mouse embryos, the first
division is asymmetric, resulting in two cells with different fates (Fig. 2A). The first cell
forms the embryo proper whereas the second cell gives rise to extraembryonic tissues. Here,
the orientation of the spindle is determined by the site of the last meiotic division. As the
two daughter cells have different fates, cell fate determinants appear to be partitioned
unequally to the two daughters at the one-cell stage. This asymmetric division is not
determinative in nature, but regulative as each resulting blastomere can give rise to a
complete organism (27). At the 9-cell stage, blastomere compaction causes cell shape
changes and cell polarization. Compaction also initiates the accumulation of PAR proteins in
the cortical region, thus initiating asymmetric divisions based on the position of the mitotic
spindle in the context of the apico-basal axis (10,28).

Asymmetric divisions also form the basis for establishment of left-right body asymmetry in
the embryo, which results in the asymmetric positioning of organs in the body. During early
divisions in Xenopus, cytoskeletal motor proteins such as Dnahl and KIF3B localize fate
determinants asymmetrically in the embryo, which results in a pH gradient and transfer of
serotonin to the right side of the embryo. In contrast, nodal signaling is inhibited on the right
side of the embryo by serotonin, but remains activated on the left, forming the basis for left—
right asymmetry positioning of various organs (22).

Centrosomes play key roles during asymmetric divisions. Even in “seemingly” symmetrical
divisions, centrosomal material is always portioned asymmetrically as one daughter cell
receives the mother centrosome and the other receives the daughter (26). Many species have
evolved with a complete lack of centrosomes. Cells of Planaria contain centrioles but do not
form functional centrosomes (18). Mouse embryos too lack centrosomes and the cell
divisions are random during early stages. The gamma tubulin centric foci can be first seen in
interphase cells at the morula stage, but by the blastocyst stage (64—128 cells) centrioles can
be seen in these foci. The biological significance of this phenomenon is not yet clearly
understood. In the absence of centrosomes, spindles are assembled like meiotic spindles by a
kinesin 5 mediated pathway. At blastula, this function of kinesin 5 is taken over by the
centrosomes (6). Centrosomes are usually required for oriented cell divisions; however,
exceptional cases such as mouse embryos lack centrosomes during the early stages and do
not require oriented cell divisions (6). This phenomenon signifies an evolutionary shift from
“mosaic” embryonic development where spindle orientation is tightly regulated, to
“regulative” development in which spindle orientations are random (18).

Chromosome Segregation

The bipolar spindle also ensures correct segregation of chromosomes, failure of which could
result in aneuploidy or embryonic lethality (6,29). In order to achieve faithful segregation,
chromosomes are captured by kinetochore microtubules and arrayed to form the bipolar
spindle. Kinetochores establish and maintain this attachment and facilitate separation of the
chromosomes (30). Proper kinetochore—microtubule interaction is facilitated by the Spindle
Assembly Checkpoint (SAC) signaling pathway. At metaphase, the SAC ensures correct
chromosome orientation and stalls anaphase onset until all sister kinetochore pairs are
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attached to microtubules originating from opposite centrosomes (5,31). Key SAC proteins
including kinetochore—microtubule attachment sensing Mad proteins (Mad1, Mad2) and
inter-kinetochore tension sensing Bub proteins (Bub1, Bub3, BubR1) inhibit Cdc20-
dependent activation of the anaphase promoting complex (APC), which promotes anaphase
entry. Currently, there are two models of checkpoint function—the relay model and the
mitotic checkpoint complex (MCC) model. According to the relay model, activated Mad?2
binds to Cdc20 and transfers it to a Bub1-Bub3 complex in a relay-like manner; the Bubl-
Bub3-Cdc20 complex then binds to APC. In the MCC model, activated Mad2 binds to a
Bub1-Bub3 dimer and Cdc20 to form a tetrameric MCC complex, which then inhibits APC
activation. Once all kinetochores stably attach to microtubules in a bipolar manner, the
conserved Mad and Bub proteins along with key accessory proteins like Spindly and Rod-
Zwilch—-Zw10 complex (RZZ complex), are removed from kinetochores primarily by the
cytoplasmic dynein motor (Fig. 1B) (5). The checkpoint is thus inactivated, resulting in APC
activation followed by ubiquitylation-mediated proteasomal degradation of cyclin B and
securin to permit anaphase onset (29,32).

During anaphase, depolymerization of kinetochore microtubules and simultaneous spindle
elongation pulls segregated sister-chromatids apart toward the poles, eventually culminating
in decondensation of the chromatin and reorganization into the new daughter nuclei.
Concomitantly, cytoplasmic partitioning (cytokinesis) initiates at late anaphase through a
signaling network emanating from the anaphase spindle, as discussed below.

Cytokinesis

Cytokinesis is initiated during anaphase when Cdk1 activity diminishes, allowing
stabilization of microtubules and major cortical rearrangements to form an actomyosin ring
perpendicular to the axis of chromosome separation. The ring constricts like a draw-string
purse to form a cleavage furrow resulting ultimately in a narrow cytoplasmic bridge between
the daughter cells that eventually abscises. Proper positioning of the cytokinetic plane and
cytoplasmic segregation is as critical for daughter cell viability as correct DNA segregation.
Faulty cytokinesis may lead to improper segregation of DNA, resulting in aneuploidy or
anucleate cells as also to improper partitioning of key cytoplasmic factors. In the last few
decades, a surge in mechanistic investigations using multiple model systems has provided
deep insights into molecular mechanisms governing cytokinesis. Almost half the mitotic
timeframe of a cell is occupied by cytokinesis, which is typified by four major steps—
positioning of the division plane, assembling the constriction machinery, ingression of the
furrow, and finally membrane abscission to separate the daughter cells.

Positioning the Division Plane

Cytokinesis usually forms equally sized daughter cells. In specialized cases however,
cytokinesis can result in unequal divisions, generating specific tissue morphology. Improper
positioning of the cytokinetic plane can lead to mis-segregation of chromatin and cell fate
determinants resulting in defective morphogenesis (33). The nature and source of factors that
position the cytokinetic plane are unclear. The way the cytokinetic plane is decided in
metazoans is different from bacteria, fungi, and plants. Unlike in fungi and plants where the
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site is selected before commencing karyokinesis, animals select the furrow site after
separating DNA. It has been hypothesized that animal cells prefer to adjust the cytokinetic
plane depending on the position and orientation of the mitotic spindle in response to
mechanical, geometrical, and biochemical signals from neighboring cells. This plasticity of
deciding the division plane is fundamental to the asymmetric divisions during early
embryonic development (34).

Landmark studies in echinoderm eggs (35) demonstrated the importance of the spindle in
specification of the division site. Both chromosomes and centrioles are dispensable for
furrow initiation (36,37). However, inhibition of microtubule polymerization during early,
but not the later stages of mitosis prevents furrowing (38). Studies in different organisms
have contested the role of the spindle midzone (antiparallel microtubules between the
separating chromosomes) and astral microtubules in cytokinetic site positioning (Fig. 3A)
(34).

The precise molecular mechanisms that position the furrow are debated. Multiple models
agree on key roles for microtubules in initiating the furrow. The “astral stimulation” model
proposes that astral microtubules stimulate furrowing by transporting an unknown factor
preferentially to the equatorial cortex because it is influenced by asters from both the poles.
The “astral relaxation” model asserts that high concentration of asters at the polar cortices
causes cortical stiffness, thereby reducing its contractility leading to furrow induction at the
more supple equatorial membrane (37). A third model emphasizes the role of the central
spindle in deciding the division plane (33,37).

Classical experiments in echinoderm embryos showed that opposing asters alone in the
absence of the central spindle can lead to furrow specification (39). However, evidence from
multiple other organisms elucidates the importance of the central spindle in specifying the
furrow plane. “Rapport experiments” in cultured mammalian cells showed that it is the
central spindle and not the astral microtubules that initiate furrowing (40). Sea urchin,
Xenopus and Drosophila embryos initiate furrowing even in the absence of close contact
between astral microtubules with the cell cortex. These results question the astral stimulation
model; rather they propose an inhibitory role of asters on the initiation signal, spatially
restricting it to the equator (41).

A recent report in Drosophila demonstrated that the furrow can be initiated just by inhibiting
Cdk1 activity even in the absence of organized microtubules (42). In C. elegans embryos, the
central spindle was initially shown to be dispensable for furrow initiation (43). However,
further genetic and laser ablation experiments demonstrated the existence of parallel and
consecutive signals from astral tubules (that sense cell geometry) and the central spindle
(that senses chromosome segregation) for furrow positioning. Interestingly, signaling from
the central spindle supersedes that from astral microtubules (44).

In summary, animal cells position the division plane using multiple spatial cues to ensure
error-free cell division. Both the spindle midzone and astral microtubules cooperate in this
process and can each have different levels of contribution depending on organism and cell
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type. However, once initiated, the furrow is strengthened by persistent signaling from the
spindle midzone (34).

Assembling the Cytokinetic Machinery

A key feature of cytokinesis is the contractile ring made of actin, non-muscle myosin,
formins, and other associated proteins that assembles at the equatorial cortex. Molecular
features of the contractile ring are similar in yeast and animals (37). Activation of the small
GTPase RhoA is central to contractile ring assembly in C. elegans, Drosophila, sea urchins,
echinoderms, and Xengpus embryos as well as mammalian cells (Fig. 3A) (34). The spindle
midzone acts as a platform for key cytokinetic regulators for RhoA activation, which is
limited to a narrow equatorial band through negative signaling from astral tubules (Fig. 3A).
It is debatable whether signals from the spindle reach the cortex via active transport along
microtubules or through cytoplasmic diffusion (34,45).

Like other small GTPases, RhoA exists in a GTP-bound (active) and GDP-bound (inactive)
form. At the center of RhoA activation is the evolutionarily conserved centralspindlin
complex, containing GTPase activating protein CYK-4/MgcRacGAP and mitotic Kinesin-
like protein MKLP1/ZEN-4. The complex localizes to the plus-ends of microtubules both at
the spindle midzone and at peripheral asters near the equator (45). The centralspindlin
complex recruits and activates ECT-2, a GTP exchange factor (GEF) that activates RhoA at
the equatorial cortex. Fly Cyk-4 has been shown to physically bind and activate ECT2 (46),
while MKLP1 may merely act as a localization factor as demonstrated in worms and
mammalian cells that allow furrow formation even in the absence of MKLP1 (47,48). The
spatiotemporal mechanism for RhoA activation is still unclear. It is hypothesized that Cyk-4
maintains a constant flux of RhoA through constant phosphorylation—dephosphorylation
cycles, limiting its activity to a narrow contractile ring (Fig. 3A). Curiously, Cyk-4 has never
been shown to be a RhoA-GAP. Recently in C. elegans embryos, a M-phase GAP (MP-
GAP) was demonstrated as the primary GAP for RhoA (49). In addition to activating RhoA,
Cyk-4 inactivates Rac, another Rho family GTPase, to stop actin filament branching in the
contractile ring (50).

It is also unclear how actin and myosin are targeted to the cell cortex. Active RhoA initiates
polymerization of equatorial actin by relieving self-inhibition of formins, inhibitors of actin
polymerization and activates nucleation via profilins, the transporters of actin monomers
(Fig. 3B). Excess of actin is cleared by cofilin, which destabilizes the redundant actin
filaments. Thus, active assembly and disassembly of F-actin are required for proper furrow
constriction. In different animal systems, myosin reaches the cortex independent of actin,
either by random diffusion or via cortical flow (51). Myosin is stabilized at the equator by
RhoA effectors rock and citron kinases (52) that phosphorylate myosin regulatory chain to
activate its motor activity, making it competent to bind actin and assemble into myosin
filaments (Fig. 3B). Alternatively, in mammalian cells recombinant myosin filaments
lacking regulatory subunits can also assemble at the furrow and drive cytokinesis, suggesting
a RhoA-independent mechanism of assembly at the cortex probably via cortical flow and
interactions with heterologous protein partners (51). Myaosin recruitment to the polar cortex
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is inhibited by astral microtubules, which further increases the contractility of the equatorial
cortex (53).

The contractile ring is linked with the plasma membrane via anillin, a conserved scaffolding
protein considered to be a key organizer of the cytokinetic machinery (Fig. 3B) (54). In the
absence of anillin, the furrow initiates and ingresses but does not complete cytokinesis.
Anillin is localized in the nucleus during S-phase and recruited to the cortex during
cytokinesis, most likely by the RhoA/ECT2 pathway as demonstrated in human cells and
Drosophila (55,56). Anillin bundles F-actin filaments, stabilizes myosin at the equator, and
also interacts with multiple other furrow proteins. Anillin is proposed to link the contractile
ring with the plasma membrane via its membrane interacting PH-domain and by recruiting
septins, conserved membrane associated GTP-binding proteins, to the furrow (Fig. 3B) (54).
Moreover, the furrow membrane has a specific phosphotidylinositol lipid composition. Both,
phosphotidylinositol lipids and lipid kinases have been shown to regulate cytokinesis (57).
Further work is required to elucidate the exact temporal mechanisms of actomyosin ring
assembly.

Constriction and Furrow Ingression

Abscission

Persistent signaling from the spindle midzone and inhibition of polar contractility by the
dense asters is required for furrow ingression. Mathematical models suggest that line tension
of the contractile ring and resistance to polar contractility (58) propel furrow ingression.
How the actomyosin ring actually generates the force for constriction is still an open field
for future biophysical investigations. High resolution microscopy and mutant analysis
suggest that myosin filaments slide along actin filaments analogous to the force-generating
machinery in muscles. The ring is constantly remodeled during constriction (59). In sea
urchins and C. elegans, the ring disassembles and contracts at the same rate indicating that
the concentration of its components per unit length remains constant during constriction.
The time taken for this process to complete seems to be independent of the initial cell size at
least in C. elegans embryos, perhaps for maintaining synchronous divisions (60).

Increase in surface area at the time of constriction is contributed by polarized vesicular
trafficking that inserts additional membrane at the furrow. Several vesicular trafficking
components localize to the leading edge of the ingressing furrow (Fig. 3C) (61). Factors that
initiate ring constriction, regulate ring disassembly, and clearing of the components as it
contracts need to be elucidated.

Actomyosin ring constriction compacts the spindle midzone forming a narrow (1-2 gm
diameter) intercellular cytoplasmic bridge. At the center of this bridge is an electron-dense
structure called the midbody, made-up of condensed midzonal antiparallel microtubules
traversing through a dense midbody ring made of several proteins (Figs. 3C and 3D) (62,63).
The midbody serves as a scaffold for the assembly of the abscission machinery and anchors
the ingressed furrow.

Several spindle midzone proteins remain associated with the midbody core (e.g., PRC1,
KLF4) while some (¢e.g., Aurora B) relocalize to adjacent microtubules and a few others
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(e.g., Centralspindlin) concentrate on the midbody ring (59,64). The midbody ring contains
several contractile ring components like anillins, septins, and RhoA (59,64). Anillins and
septins anchor the ingressed furrow to the midbody ring. Recently, centralspindlin was also
implicated in furrow anchorage via a membrane interacting domain of Cyk-4 and physical
interaction of MKLP 1 with a membrane associated small GTPase Arf 6 (45).

Abscission is a two-step process requiring disassembly of the cytoskeletal material followed
by membrane fusion (Figs. 3C and 3D). The bridge narrows and the actomyosin ring is
disassembled by regulating RhoA activity. Later, cortical rearrangements form a secondary
constriction on either side of the midbody ring. Both post-Golgi and endosomal vesicles are
targeted to the midbody and are thought to fuse with the plasma membrane allowing
narrowing of the intercellular bridge (65) (Fig. 3D). Endosomal vesicles also help in
disassembly of cortical actin by delivering p50RhoGAP to the bridge (66). The exact roles
of vesicular fusion, mechanism of targeting to the midbody, and the cargo that they deliver
remain elusive. It has been suggested that membrane vesicles are required to set the stage for
abscission but are not required for the terminal cut (59).

The secondary constriction contains membrane associated ESCRT complex (Endosomal
Complexes Required for Transport) filaments encircling the bridge perpendicular to its
length (Fig. 3D) (59). Studies in mammalian cells propose that MKLP1 recruits CEP55 to
the midbody, which further brings ESCRT | (ALIX and TSG101) and ESCRT IlI
components to the prospective constriction sites on either side of the midbody. Microtubules
underneath the constriction sites are disassembled by AAA-ATPase spastins recruited by the
ESCRT 11l complex (67). Further ESCRT Il filaments likely get disassembled by another
AAA-ATPase VPS4 recruited to the intercellular bridge by the ESCRT complex itself (Fig.
3D) (59). Finally, the membrane stochastically fuses at one or both sides of the midbody,
splitting the cell (Fig. 3E). The exact details of how ESCRTSs bring about the cut remain a
blur and their roles in different animal models still need to be explored (59).

Variations in the Theme

Organisms have evolved several variations to conventional cytokinesis initiated by different
molecular programs during the course of development. The contractile machinery of these
variations is similar to the cytokinetic ring, but its assembly varies temporally and spatially.

Incomplete Cytokinesis—Karyokinesis is not always followed by cytokinesis. During
insect embryogenesis, multiple rounds of rapid nuclear divisions occur without completing
cytokinesis, forming a syncytium (Fig. 4B) (1). In sea urchins, the first few cleavages are
incomplete, allowing sister blastomeres to remain connected via cytoplasmic bridges that
may be required for intercellular communication in the absence of conventional gap
junctions (68). Similar intercellular bridges are present in squid embryos where the midbody
ring components disappear once the furrow ingresses, enabling vesicular and organelle
transport between cells (69).

Pseudocleavage—~Partial furrows that regress with time represent another variation in
cytokinesis. In Drosophila, pseudo-cleavages ensure proper segregation of chromosomes
during peripheral nuclear divisions of stage 10-13 (Fig. 4B) (70). As the centrosomes
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migrate to opposite poles in early mitosis, they reorganize cortical actin, which encircles the
dividing chromatin to shield them from neighboring asters, before finally regressing during
telophase (Fig. 4B inset) (70). Drosophila partial furrows are stabilized by anillin and septins
in a RanGTPase dependent pathway (70). Right after fertilization in C. elegans embryos, the
anterior cortex contracts and forms a transient pseudocleavage directed by the sperm aster
(Fig. 4A), which helps in establishing the division asymmetry to specify the anteroposterior
axis and to segregate fate determinants (Fig. 4A) (71). As opposed to anaphase-initiated
cytokinetic furrow, a contractile ring similar to conventional cytokinesis assembles during
prophase to metaphase (70).

Cellularization—Cellularization of nuclei is mechanistically similar to cytokinesis. In
Drosophila embryos, cellularization is initiated during the 14th nuclear division. Astral
mictotubules direct remodeling of actin and ingression of the furrow through a RhoA-
dependent actomyosin network, as seen in cytokinesis. As the furrow invaginates, post-Golgi
and recycling endosome vesicles fuse with the leading edge of the furrow forming a double-
membrane (Fig. 4B) (70). Similar to pseudocleavage, the cellularization furrow is initiated
before chromatin separation in contrast to the late anaphase-initiated cytokinetic furrows
signifying a markedly different method of furrow positioning in these unconventional forms
of cytokinesis.

Polar Body Extrusion—Cytokinesis during meiotic division of the oocyte produces a
large haploid egg and two haploid nuclei almost devoid of cytoplasm, called the polar body
(1). In most animals, polar body cytokinesis happens right before amphimixis. Faulty polar
body extrusion can lead to lethality due to increased ploidy. Unlike mitotic cytokinesis, the
cleavage plane in polar body cytokinesis is determined by chromatin before anaphase onset
via Ran GTP signaling without the help of astral or spindle midzone microtubules.
Chromatin induces meiotic spindle migration, localization, and anchoring closer to the
cortex in a perpendicular orientation. Final extrusion is mediated by the RhoA-dependent
actomyosin machinery similar to cytokinesis (Fig. 4A) (72).

Coordinating Nuclear and Cytoplasmic Divisions

Cytoplasmic divisions typically begin at the end of nuclear divisions. Several factors that are
required for proper chromosome segregation are also later required for cytokinesis. Tight
spatio-temporal regulation of cytokinetic initiation by karyokinesis ensures high fidelity of
cell division. The metaphase to anaphase transition is orchestrated by the APC that targets
Cdk1 for degradation. The same molecular switch also leads to activation of the spindle
midzone proteins to initiate cytokinesis (Fig. 3A). Although the switch for chromosome
separation and cytokinesis remains the same, they are temporally regulated by a relative
delay in activation of mitotic exit phosphatase PP2A-B55 (73).

The spindle midzone contains three major groups of proteins—centralspindlin complex
(MKLP1/MgcRacGAP), Aurora B/INCENP (Inner-centromeric protein)/CPC
(chromosomal-passenger complex), and PRC1 (protein regulating cytokinesis) (74). Proteins
from each of these groups are phosphorylated by Cdk1 in early mitosis, leading to their
inactivation until chromatin separation. APC releases this inhibition resulting in spindle
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midzone assembly that further signals actomyosin ring formation (74). Decline in Cdk1
activity concurrent with phoshphorylation of PRC1 by CPC allows it to dimerize and bind
the antiparallel microtubule interface, spatially organizing them into bundles to form the
spindle midzone (Fig. 3A). Additionally, Cdk1 inhibits the motor activity of MKLP1 that is
relieved by Aurora B in animal cells and C. elegans, making it competent to bind the spindle
(75). This allows CPC translocation from chromosomes to the spindle midzone by MKLP
motor-driven transport in animal cells (59). However in C. efegans embryos, CPC can also
reach the midzone in a MKLP-independent manner (75). Another key regulator of
cytokinesis in multiple organisms is Polo-like kinase (Plk1). PIk1 phosphorylates Cyk-4
allowing it to interact with ECT2 in human cells (Fig. 3A) (76). Additionally, flies mutant
for another CPC component Survivin show defects in central spindle formation and MKLP
recruitment (77). A yeast-like “No cut” pathway has also been observed in animal cells and
C. elegans embryos wherein both PIk1 and Aurora B kinases delay abscission by negatively
regulating the ESCRT Il complex until segregation of chromosomes is complete (59).

Cytokinetic midbody remnants have also been proposed to regulate spindle orientation and
spindle tethering during the second embryonic division of C. elegans. The midbody remnant
of the first embryonic division is inherited by the smaller posterior cell P1. During
subsequent division of P1, the midbody remnant directs spindle rotation along the shorter
axis of the cell making an exception to the Hertwig long-axis rule. The midbody also helps
in the anchoring of the spindle and skews it ventrally, an event that is essential for dorso-
ventral embryonic patterning (78).

Conclusions and Questions

The molecular mechanisms of early embryonic divisions are fundamentally conserved
across metazoa. During karyokinesis, after nuclear envelope disintegration, condensed
chromosomes of the mother cell organize around the equator of the cell with the help of the
mitotic spindle and segregate equally to daughter cells, after which they are repackaged into
new nuclei. In close orchestration with karyokinesis, the cytoplasmic contents of the mother
cell start partitioning toward the two future daughter cells and dictate the timing and
positioning of cleavage furrow ingression, eventually leading to the formation of euploid
daughter cells. The entire division process involves cells going from a polarized to an
unpolarized state during early mitosis, with polarity re-established by cytokinesis. Even
seemingly symmetric embryonic divisions are biochemically asymmetric, with the
programmed unequal partitioning of several cellular components shaping the course of
embryonic development. Despite the inherent similarities, mechanistic variations in these
two stages of early divisions across different animals play key roles in shaping their
divergent developmental patterns. Mitotic spindle positioning as well as specification of the
division plane axis are differentially governed in different species. Moreover, while most
nuclear divisions are followed by faithful separation of cytoplasm, some animals have
evolved to undergo multiple rounds of nuclear division without cytokinesis.

Despite intense research on early embryonic divisions, there are several intriguing questions
that remain unanswered. The role of centrosomes in cell-fate specification in the early
embryo is poorly understood. How does the paternal centrosome in the one-celled embryo
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govern the sanctity of the first cleavage division? How do the mother and daughter
centrosomes of blastomeres govern the subsequent cleavage planes? During cytoplasmic
division, how do molecular signals from the midzone and astral microtubules physically
transmit to the midzonal cortex, especially in large embryonic cells, where the mitotic
spindle occupies a relatively minor volume at the center of the cytoplasm? Further, how are
actin and myosin recruited specifically to the equatorial plane? Finally, what is the molecular
crosstalk between extracellular cues and intracellular division mechanisms in regulating
mitosis during embryogenesis? Research on such questions across different metazoan
models will also illuminate how different species have evolved to make mechanistic
alterations to fundamental processes such as embryonic cell divisions. Such studies will also
have a significant impact on cancer research and would open avenues for therapeutic
intervention.
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Fig 1. Phases of early mitosis.

A: Upon entry into the mitotic phase of cell cycle, an irregular shaped metazoan cell
undergoes mitotic rounding and acquires a spherical shape coupled with drastic cytoskeletal
reorganization. By prometaphase, the nuclear membrane disintegrates, the centrosomes
undergo duplication and migrate to opposite ends, forming the spindle poles. At metaphase,
the chromosomes lie in the center of the mitotic spindle. The chromosomes are held at the
metaphase plate by the kinetochore microtubules, while the spindle itself is anchored to the
cell cortex by astral microtubules. B: At the kinetochore, the minus-end directed dynein-
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dynactin motor complex transports cargo such as checkpoint proteins (e.g., Mad2) toward
the spindle poles, initiating silencing of the checkpoint and entry into anaphase. C: At the
polar cell cortex, dynein and the NuMA-LGN-Gai complex are required for correct
positioning and orientation of the mitotic spindle.
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A Cleavage divisions during embryonic development
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Fig 2. Cleavage divisions acr oss metazoa.

A: Representation of spindle positioning from zygote (1 cell) to 8 cell stage in various
metazoans. In the one-cell stage C. elegans embryo, the spindle is positioned asymmetrically
toward the posterior end, giving rise to daughter cells with different fates. In Drosophila,
successive nuclear divisions coupled with the absence of cytokinesis give rise to a syncytial
embryo. Sea urchin embryos undergo asymmetric divisions giving rise to micromeres and
macromeres. In contrast, early divisions are symmetric in zebrafish embryos. Mouse
embryos also undergo asymmetric divisions, giving rise to daughter cells with different cell
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fates. B: In the one-cell stage C. elegans embryo, the mitotic spindle shifts to the posterior
end, giving rise to AB and P1 cells, which again undergo asymmetric divisions. C: During
gastrulation in zebrafish, spindles are positioned along the animal-vegetal axis.
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A. Specification of cytokinetic plane

B. Contractile ring assembly
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Fig 3. Mechanism of cytokinesisin animal cells.
A: Specification of the cytokinetic plane by cues from the mitotic spindle. Aster density

limits cortical contractility only to the equator while inhibiting it at the polar cortex. The

spindle midzone activates RhoA at the equator upon decline in Cdk1 activity via the

» Post-Golgi secretory vesicles — Bundled microtubules

¢ Recycling endosomes
® Midbody

o Spastin
0 CEPS55

Degraded microtubules
() ESCRT lll Filaments
0 ELIX & TSG101
® VPS4

Centralspindlin-ECT1 pathway. B: RhoA assembles the actomyosin based contractile ring
by activating both actin and myosin at the equatorial plane. C: Furrow contraction and
membrane insertion by vesicular trafficking forms a narrow cytoplasmic bridge between the
daughter cells, at the center of which lies an electron-dense midbody. D: A secondary
constriction mediated by the ESCRT complex appears on either side of the midbody. The
microtubule bundle is disassembled by Spastin. E: Finally the ESCRT complex disappears
and membrane abscission occurs, separating the two daughter cells.
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A. Polar body cytokinesis and pseudocleavage in C. elegans embryo
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B. Incomplete cytokinesis, pseudocleavage and cellularization in D. melanogaster embryo
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Fig 4. Variationsin cytokinesis during metazoan development.
A: Fertilization-triggered meiotic divisions of the oocyte in C. elegans are extremely

asymmetric resulting in polar bodies devoid of cytoplasm and the haploid oocyte retaining
most of the cytoplasm. Soon after fertilization, cortical contraction in the C. elegans embryo
forms a pseudocleavage that segregates the fate determinants in the zygote, a process that is
essential for antero-posterior axis specification. B: Drosophila embryos initially demonstrate
a cytokinesis-free nuclear division upto 8 nuclear cycles. At the 9th nuclear division, these
nuclei migrate to the periphery and continue to divide without undergoing cytoplasmic
divisions for another three cycles. During these peripheral divisions, they form
pseudocleavages/partial furrows to shield the chromatin from the influence of neighboring
asters. The nuclei finally undergo cellularization at interphase of the 14th nuclear division,
utilizing an actomyosin-based contractile machinery similar to conventional cytokinesis.
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