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Abstract: Chromosome segregation in female germ cells and early embryonic blastomeres is known to be 
highly prone to errors. The resulting aneuploidy is therefore the most frequent reason for termination of early 
development and embryo loss in mammals. And when compatible with embryonic and foetal development, 
aneuploidy leads into severe developmental disorders. The main surveillance mechanism, essential for 
protection of cells against aneuploidy, is the Spindle Assembly Checkpoint (SAC). And although all eukaryotic 
cells are perhaps able to mount SAC response, it is not clear, whether this pathway is active in all cell types, 
including blastomeres of early embryos. In this review, we will summarize and discuss the published literature 
with regards to mechanisms controlling chromosome segregation in early embryos. Our conclusion is that early 
embryos show limited capabilities to react to chromosome segregation defects, which might, at least partially, 
explain the widespread problem of aneuploidy during early development. 

Keywords: spindle; chromosome division; segregation errors; spindle assembly checkpoint; 
embryo; CDK1; cell size; aneuploidy 

 

1. The assembly of the spindle is under surveillance 

Cell cycle represents an extremely complex cellular activity, which is engaged in order to create 
a new generation of cells. It requires precise spatial and temporal coordination of multiple processes, 
since the execution of all its parts or phases takes several hours, and some of the activities are 
separated within the cell by membranes at that time, for example by nuclear membrane. During this 
process, the crucial task is to preserve the integrity of the genome. The two steps, which are 
particularly risky, are replication of chromosomes during S phase and their segregation during M 
phase. Because of the complexity of cell cycle events, cells evolved surveillance control mechanisms, 
which in most of the cases ensure a flowless cell cycle progression. The important and dicey cell cycle 
events, such as entry into cell cycle, DNA replication, mitotic entry or assembly of the mitotic spindle, 
are therefore monitored by a specific checkpoint mechanism. In this review, we will focus on 
mechanisms controlling the assembly of the spindle. This is an essential organelle for correct 
segregation of chromosomes during anaphase and the surveillance mechanism is called the Spindle 
Assembly Checkpoint (SAC). And our goal is to discuss the importance of this mechanism for 
development of the early embryos, and mammalian embryos in particular. 

Since the resolution of sister chromatids is irreversible, the errors during spindle assembly and 
connection of the spindle to kinetochores, have potentially severe consequences, not only for affected 
cell, but in multicellular organism, they can threaten its existence. If uncorrected, the daughter cells 
might suffer from the numerical chromosomal aberrations, or aneuploidy. Such situation leads to cell 
death, or in case of embryos, into termination of development. Aneuploidy is also very frequent in 
cancer cells [1–3], although sometimes it is not clear, whether it is a cause or consequence. To prevent 
errors during chromosome segregation, cells evolved SAC, which is also called the mitotic checkpoint 
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[3–5]. The SAC is active, when cells enter mitosis. Prior to the entry into mitosis, some of the SAC 
players, namely Mad1, are sequestered from the chromosomes by nuclear membrane, however the 
SAC becomes active immediately after NEBD [6]. Then the SAC activity continues throughout 
mitosis, until the assembly of spindle is completed, when all kinetochores are accurately connected 
to the spindle apparatus. Then the SAC activity ceases and the cell is ready for entry into anaphase. 
The transition to anaphase is marked by activation of E3 ubiquitin ligase called Anaphase Promoting 
Complex/Cyclosome APC/C [7,8]. This large protein complex, together with proteasome, then 
removes CDC20-controlled multiple substrates, which were important for sustaining the preceding 
metaphase, including also Securin and Cyclin B [6]. The decrease of CDK1 activity and destruction 
of Securin activates Separase, which will cleave the cohesin holding together sister chromatids, 
triggering poleward movement of the sister chromatids (Figure 1). 

 

Figure 1. Control of spindle assembly by SAC . 

The relationship between spindle morphology in prophase, prometaphase, metaphase and 
anaphase (upper panel), occupancy of kinetochores (middle panel) and SAC activity (lower panel) 
Mad2 change the conformation from open to closed form on unoccupied kinetochore, this stimulates 
the assembly of MCC consisting of Mad2, Bub3, BubR1, and Cdc20 and leads into inhibition of APC/C 
and also Separase (by CDK 1 and Securin). After attachment of all chromosomes to spindle 
microtubules and formation of the metaphase plate, the SAC signalling ceases and MCC is 
disassembled. Subsequently, CDC20 binds and activates APC/C, initiating destruction of cyclin B and 
securin. This activates separase which cleaves cohesin and promotes sister chromatid separation and 
anaphase. (based on [4]) 

Identification of proteins required in SAC signalling was instrumental for our understanding of 
its mechanism [9,10]. These proteins, and the complexes they form, are essential for monitoring of 
the attachment of the kinetochores to spindle microtubules, and for postponing the APC/C activity. 
The unoccupied kinetochores, specifically their outer layers, are essential for microtubule binding, 
and they interact via KMN network (KNL1, MIS12 and NDC80) [11] also with SAC components [12]. 
The recruitment of SAC subunits also requires the activity of Mps1 kinase [13–15]. The kinetochore 
then serves as a catalytic platform for assembling the Mitotic Checkpoint Complex (MCC) [16,17]. 
Building of MCC requires first loading of Mad1/Mad2 complex to the unattached kinetochore, more 
specifically to the KMN protein network, located in the outer kinetochore [18]. The Mad2 protein on 
the kinetochore undergoes conformational change from open to closed form, which allows its binding 
to CDC20 in cytoplasm that is an activator of APC/C [19–21]. Each MCC subunit contains two Cdc20 
molecules [22] and then Mad2, BubR1 and Bub3 constitutes. The MCC inhibits APC/C by several 
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means, including the sequestration of Cdc20, which makes it inaccessible for APC/C and also interact 
directly with APC/C [4]. The MCC is produced until all kinetochores are bound to microtubules. And 
throughout this time, the APC/C activation is delayed. SAC needs sufficient sensitivity, in order to 
respond to small changes in kinetochore occupancy. It seems that SAC is sufficiently sensitive, the 
cells are able to respond to quantitative changes in the number of attached kinetochores [23], as well 
as to the numbers of microtubules, attaching each specific kinetochore [24]. And the whole pathway 
therefore works in a gradual and quantitative manner [25]. The inactivation of SAC signalling is 
initiated by microtubule end binding to kinetochore, which interrupts the assembly of SAC subunits 
on this particular kinetochore that ends MCC production. For complete SAC inactivation is however 
also important to disassemble the existing cytoplasmic MCC blocking Cdc20, as well as MCC bound 
to APC/C and to prevent its rebinding [5]. The crucial step is to change back the Mad2 conformation 
to open, which requires set of interactors including TRIP13 and p31comet [26]. 

Another aspect, which is equally important for faithful chromosome segregation, as the 
attachment of kinetochores by microtubules, is actually the orientation of sister chromatids on the 
spindle [27]. The correct chromosome orientation in mitosis requires that the sister kinetochores are 
facing the opposite spindle poles. Such orientation is called bipolar, or amphitelic attachment, and in 
this case, there is a higher chance the sister chromatids are correctly segregated to both daughter cells 
during anaphase. When sister chromatids are engaged incorrectly, for example when they are both 
connected to the same pole of the spindle, which is called synthelic attachment, when one is not 
connected at all, which is called monotelic attachment, or when one kinetochore is connected to both 
poles, in the case of merotelic attachment, the attachment correction mechanisms are activated [27]. 
The merotelic attachment represents the most serious problem, since it escapes the detection by SAC 
[28,29]. The correction mechanisms are based on activity of chromosomal passenger complex (CPC) 
with Aurora B kinase, which is able to disengage the incorrect connections by phosphorylation of the 
components of the kinetochore [30,31]. It was however shown that the correction mechanisms are 
active even after SAC is being satisfied [32–34], which provides the opportunity to correct improper 
attachments even during anaphase. 

2. Important aspects of early embryonic development with potential impact on chromosome 

segregation 

Although the germ cells in mammals both undergo meiotic cell cycle, their development is 
strikingly different. In case of the oocytes, the cells enter meiosis during embryonic development of 
an individual and remain arrested in the prophase of the first meiotic division for prolonged time, in 
human even for decades. The sperm, on the other hand, develops after puberty in germinative 
epithelium in testes. Both are highly differentiated and specialized cells. Oocyte, after reaching its 
fully grown state, is one of the biggest cells in the body by volume, with cross diameter of 70-80  
in mouse and up to 120-130  in human and cattle. Oocytes are also embedded by glycoprotein coat 
called zona pellucida, which plays essential role during fertilization and preserving the integrity of 
the embryo, during transition towards the uterus, when it is lost during the implantation [35]. The 
oocyte development critically depends on surrounding cells, which together form a follicle within 
the cortex of the ovary. The increasing pressure of the follicular fluid provides also a mechanical force 
and means of transportation for oocyte, after follicular rupture delivering it into infundibulum of the 
ovary, where the fertilization takes place. Sperm on the other hand, starts to appear after puberty, 
and its development requires specialized epithelium in the convoluted seminiferous tubules of the 
testes. Surrounding cells within the epithelium, namely the Sertoli cells, assist during transition of 
the spermatids throughout both meiotic divisions and also during spermiogenesis, which is the 
reduction of cytoplasm and development of flagella. Early embryonic development is then initiated 
by the fusion of oocyte and sperm, which leads to the formation of single cell embryo, called zygote. 
Fertilization in mammals is a very complex process, and it is important to ensure that only a single 
sperm penetrates inside the egg [36]. The principal part in preventing polyspermy is played by zona 
pellucida, as well as by cells protecting the egg from the outside, called cumulus cells [35]. The sperm 
and the egg are not fully synchronized in cell cycle during fusion. Whereas the sperm already 
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completed both meiotic divisions and has haploid number of chromosomes wrapped around 
protamine-like proteins [37], largely replacing histones, the egg is arrested in metaphase II with intact 
spindle. Besides haploid genome, sperm also contributes by important molecule that is called 
phospholipase C zeta (PLCζ), and which is capable of abrogating the metaphase II block of the egg 
[38]. This molecule triggers signalling cascade, releasing calcium from the internal reserves in smooth 
endoplasmic reticulum. Then the APC/C is activated, which leads into degradation of cyclin B, and 
consequently into anaphase and the second polar body extrusion. 

The zygote, now in interphase, quickly forms two pronuclei, which in some species, such as in 
mouse, differ in size. The pronuclei migrate towards each other, and when they are in a close 
proximity, they undergo NEBD. During their migration, the male pronucleus exchange protamines 
for histones and both pronuclei execute the first DNA replication after fertilization. The spindle in 
zygote arises from a complex process, which involves assembly of two separate spindles around each 
parental pronuclei first, followed by their fusion into a single spindle [39]. Therefore, the first mitosis 
is longer than the following mitoses in developing embryo [40]. Division of zygote is followed by 
rapid subsequent divisions of embryos called the cleavage cycles, during which the cell rapidly 
divides, without regrowing during subsequent G1. During the early embryogenesis, which lasts in 
mammals around 4-8 days, depending on the species, embryos move through the oviduct towards 
the uterus. The embryonic cells undergo profound changes, which might also have an impact on the 
fidelity of chromosome segregation as well [41]. We do not have a time to discuss all of them, we will 
just briefly mention those that might have impact on the fidelity of chromosome segregation. First, 
embryos need to activate their newly formed genome [42]. Fully grown oocytes arrest their 
transcription, and therefore the two meiotic divisions, fertilization and one to three divisions of the 
embryo, are executed without genomic transcription. The transcription is a principal part of cell cycle 
control in somatic cells, the oocytes and embryos therefore during transcriptional silencing use 
regulated translation instead [41]. Then there is a question of the spindle assembly in embryo and the 
fate of the sperm centriole during fertilization. In somatic cells, a specific organelle, called 
centrosome, are utilized to assembly a spindle [43]. In mammals however, the spindle assembly in 
oocytes is achieved by different mechanism [44]. The centrosomes are not present, and the spindle 
assembly depends on simplified Microtubule Organising Centres (MTOCs). Such spindle assembly 
seems to be error prone [45]. The morphology of the spindle seems to be also sensitive to in vitro 
culture [46]. After fertilization, the new centrosome (proximal centriole) is brought by the sperm [47]. 
However, when the embryo starts utilizing centrosomes from the sperm, remains still poorly 
understood. It is also important to mention other profound changes within the early embryo that we 
are unable to discuss here, although they might affect chromosome segregation as well. It is a 
complete remodelling of the epigenetic landmark of embryonic blastomeres, followed by the first and 
second round of differentiation, giving rise to several populations of differentiated cells, namely the 
trophoblast and embryoblast in the first, and epiblast and hypoblast epithelial layers in the second. 

3. Control of chromosome segregation during early embryonic development 

Chromosome segregation errors, undetected by surveillance mechanisms, might cause 
aneuploidy. Frequency of aneuploidy in oocytes and embryos is extremely high, in comparison to 
somatic cells, and it further increases with maternal age [48–54]. In fact, the aneuploidy represents 
the most frequent single cause of termination of embryonic development [55]. Arising of the 
aneuploidy during meiosis, or in the zygote, affects uniformly all cells within the embryo. And most 
frequently, it will result in embryo loss, only the specific chromosomal gains are tolerated during 
embryonic, and then foetal development. In human, in case of autosomes, these are the trisomies of 
chromosomes 21, 18 and 13, causing Down, Edwards, or Patau syndromes respectively. And 
although the embryos survive, the cell behaviour is changed profoundly, exhibiting a phenotypes 
related to the presence of an extra chromosome [56–58]. 

In most cases, the embryos are mosaic, containing a mixture of euploid and aneuploid cells. The 
aneuploidy is not just an artefact of in vitro culture, although in vitro conditions increase its frequency 
significantly [59]. Mouse embryos, developing in vivo, showed rate of aneuploidy per blastomere 
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from 4% in zygotes to 7% in 8-cell embryos, with steep increase to 11% between 8 to 16-cell embryos 
[60]. The initial level of aneuploidy, up to the 8-cell stage, is not much different from the levels 
reported previously in meiosis II oocytes [61,62]. However, due to the increasing number of cells 
constituting the embryo, this translates into much higher frequency of embryos affected by 
aneuploidy. Similar frequencies were reported in embryos of other mammalian species, including 
human [63], cattle [59,64], pig [65] and rhesus monkey [66]. Experiments, in which aneuploid 
blastomeres were traced in live developing embryos showed that the aneuploid cells within the 
embryo survive and proliferate, and they are not eliminated until hatching [60,67]. We can only 
speculate what is behind their ability to survive (and multiply) for prolonged time. Is it the stockpile 
of maternal mRNAs and proteins accumulated during oocyte growth? Their survival might also 
indicate that the control mechanisms of chromosome segregation might be less active in early 
embryos. Nevertheless, in the situations, when the aneuploid blastomeres represent a significant 
fraction of cell constituting the embryos, the implantation and future development might be 
compromised. It all depends on a proportion between euploid and aneuploid cells. On the other 
hand, when the number of aneuploid cells within the embryo is not too high, the potential of such 
mosaic embryos to implant and develop further is similar to the euploid embryos [68,69]. It was 
shown that the cell cycle profile of aneuploid blastomeres within the embryo exhibit characteristic 
abnormalities, which can be used in non-invasive embryo screening [70]. In summary, it is obvious 
that the aneuploidy, caused by undetected or uncorrected chromosome segregations errors, 
represents a threat for embryonic development in mammals. 

The mechanisms, monitoring chromosome segregation, were studied more extensively in 
mammalian oocytes than in embryos. From the initial studies it was clear, that although the SAC is 
operating in mouse oocytes [71], the chromosome segregation surveillance mechanisms are unable 
to postpone anaphase in cases, when the spindle is not properly assembled [72–78]. And this was 
similar between mouse and human, although their approach to build the spindle during meiosis I 
slightly differs. Similar insensitivity to obvious chromosomal and spindle defects was also recently 
reported in meiosis II oocytes [50]. Thus it seems possible, that in fact the failure of the 
sensing/correction mechanisms, such as the SAC, might contribute to frequent chromosome 
segregation errors in oocytes [79].  

In contrast to the oocytes, in embryos the chromosomes segregation surveillance mechanisms 
were not extensively studied. Therefore, we have rather limited information whether, for example 
SAC, is fully functional during early embryonic development. The phylogenetic studies, concerning 
SAC in eukaryotes show that it is an evolutionary conserved mechanism. It is possible to trace its 
origin back to eukaryotic common ancestor [80–82], whose genome already harboured multiple 
components of the SAC pathway [81], functional APC/C [80] and evidence of a complex structure 
typical for the kinetochore [83,84]. There is only limited information from non-mammalian 
eukaryotes, whether they utilize SAC in response to errors in spindle assembly during the embryonic 
development (Figure 2). In C. elegans for example, the SAC in early embryos is functional, and 
capable to prevent chromosome segregation errors induced by disruption of the spindle [85]. And 
although the SAC pathway shows many similarities to the SAC known from mammalian cells, there 
are also important differences, namely in centralization of the response [86]. According to this study, 
the SAC in embryonic cells is weaker than in adult germline stem cell [87]. In C. elegans in general, 
the SAC strength seems to be linked to the cell fate and other cellular properties, such as the cell 
volume [88]. In zebrafish, the ability to use SAC is acquired with midblastula transition and its onset 
seems to be unlinked from the initiation of transcription from embryonic genome, or from changes 
in nuclear to cytoplasmic ratio [89]. Similar situation was observed in Xenopus embryos, which 
acquire sensitivity to microtubule poisons later during embryonic development, also in transcription 
independent manner [90]. And it was subsequently shown, that the SAC is absent in Xenopus early 
embryo [91]. However, in Xenopus oocyte extracts, a reaction similar to SAC can be induced by 
increasing the density of sperm nuclei [92]. In tunicates Phalusia mammilata, SAC is inactive or 
unresponsive until the 8th cleavage cycle, and its stringency afterwards depends on the cell size and 
fate [93]. Comparison of response to spindle disruption between various marine animals showed 
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adequate response in sea urchins, mussels, and jellyfish and the absence of SAC in ascidian and 
amphioxus embryos [94]. The ascidian embryos also lack the ability to accumulate the core SAC 
proteins, such as Mad1 and Mad2 on unattached kinetochores, further supporting the evidence that 
the SAC in these animals is not active in early embryos. 

 

Figure 2. The SAC activity in Metazoans. 

Overview of Metazoan group with SAC activity present (ON) or absent (OFF) uring early 
development. In some species (based on [94,95]) 

Mammalian embryos are, in certain aspects concerning the cell cycle control, unique in 
comparison to somatic cells. For example, although they are able to quickly establish connections 
between spindle microtubules and kinetochores, and organize metaphase plate rather rapidly, 
without pronounced congression defects [96], they show tendency for prolonged mitoses, during 
which the cohesin connecting the sister chromatids is weakened, which increases probability of 
missegregation of chromosomes [97]. They are also characterized by presence of micronuclei, 
embedding the lagging chromosomes or chromosomal fragments in membrane [66,98–100]. In 
mouse, it was shown that unlike in somatic cells, the micronuclei in embryos do not contribute to 
chromothripsis [98]. 

In terms of functionality of SAC in mammalian early embryos, we have only limited 
information. Challenging SAC by spindle depolymerizing drugs in human embryos showed that 
they are sensitive and in later stages they undergo apoptosis [101]. The gene deletion studies of SAC 
components showed that SAC becomes limiting factor later during early development, for example 
in blastocyst stage in case of Mad2 [102] and even later, at stage 8.5 in case of BubR1 [103]. The 
phenotype in both cases pointed to problems with chromosome segregation and aneuploidy. 
Regarding the expression of SAC core components in the embryo, it was shown that Mad2, Bub3 and 
BubR1 are present in zygote and their depletion by RNAi caused acceleration of the first mitosis, 
insensitivity to nocodazole and chromosome segregation defects [104]. Other study however showed 
that the interaction of overexpressed Mad1 is only brief and the protein quicky disengage from the 
chromosomes after NEBD in zygotes and 2-cell embryos [105]. Recently published results showed 
that mouse embryos at morula stage, are insensitive to chromosome segregation defects [106] and the 
misaligned chromosomes do not delay the onset of anaphase. Interestingly, in this work authors 
show that a mild inhibition of APC/C by ProTame prolonged mitosis and simultaneously reduced 
the occurrence of micronuclei and misaligned chromosomes. 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2023                   doi:10.20944/preprints202312.1922.v1

https://doi.org/10.20944/preprints202312.1922.v1


 7 

 

4. Is cell size important for the fidelity of chromosome segregation? 

If there is one thing, which is remarkable in case of female germ cells, and then also in case of 
embryonic blastomeres, is the sheer size of these cells. They are among the biggest cells in the 
organism. The size of the germ cell is an advantage in animals with external development, such as 
fish, amphibians, reptiles, birds etc., because their early development depends on energy sources 
from the egg. It is perhaps less important in mammals. Although even in mammalian species, the 
meiosis and early embryogenesis is accomplished without transcription from the genome, and 
therefore dependent on maternal stockpile accumulated during oocyte growth. Nevertheless, the size 
might not be always advantageous, and the higher frequency of chromosome segregation errors 
might be the price. First it was noticed that in C. elegans embryos response to nocodazole and 
induced cell cycle delay, is proportional to the size of cell [107]. This would mean that the stringency 
of SAC would decrease with the cellular volume. This was subsequently tested and confirmed in 
mouse oocytes, in which cell volume manipulations led to the decrease of SAC stringency in larger 
cells [108]. Another work, aiming to address this link between cell size and SAC stringency showed 
that although smaller oocytes, obtained by manipulation, are capable to decrease their levels of 
APC/C substrate securin faster, incorrectly oriented bivalent chromosomes failed to prevent 
anaphase in meiosis I [109]. The link between the cell size and SAC stringency was recently tested 
also in mouse 2-cell embryos [106]. The results showed no difference in response to the low levels of 
nocodazole in cell with normal volume and in cells with reduced volume, indicating that the cell size 
in mouse embryo is not linked to the stringency of SAC. In conclusion, more experimental work will 
be needed to finally confirm the effect of cell size in SAC stringency. 

5. Conclusions 

The published work summarized here shows clearly that our knowledge about the control 
mechanisms of chromosome segregation in early embryos is fairly limited (Figure 3). And 
considering how important problem the aneuploidy in early embryo represents, this gap in our 
knowledge should be addressed urgently. Studies addressing the expression and localization pattern 
of SAC proteins in early embryonic mitoses, gene depletion studies specifically targeting the SAC 
components and also functional studies challenging the SAC, would help to obtain better picture 
about SAC function during early development. It is conceivable that the results might in fact reveal, 
that similarly to xenopus and zebrafish, the SAC in early mammalian embryos is inactive. If this will 
be the case, it will be important to address when its functionality is regained and, more importantly, 
how the chromosome segregation in early embryos is controlled without SAC. 

 
Figure 3. The overview of early development in mammals and SAC activity. 

During meiosis, SAC control proper attachment of all chromosomes to the meiotic spindle. In 
early embryonic development we have information from morula and blastocyst. (based on: 
[41,79,101,106]) 
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