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Abstract: Aneuploidy is a major obstacle in achieving successful pregnancies in in vitro fertilization (IVF) 
procedures. In practice, more than 50% of preimplantation embryos are aneuploid and unable to achieve 
viable pregnancy. Analysis of human sperm and oocytes has showed that aneuploidy in preimplantation 
embryos is predominantly caused by an error-prone meiotic chromosome segregation mechanism in oocytes. 
In reproductive aged women, aneuploidy rate in human oocytes is reaching 20–30%, in contrast to human 
sperm, that only 1–8% have an abnormal chromosomal content. Meiotic aneuploidy can occur from meiosis 
I (MI) non-disjunction, meiosis II (MII) non-disjunction and MI or MII pre-division. Multiple factors have 
been suggested to contribute to meiotic aneuploidy including maternal age and impaired cohesin complex 
formation. Maternal age is the major critical factor related to aneuploidy; 50% of the oocytes from advanced 
age women (≥40 years old) are aneuploid due to meiotic errors. The relationship between maternal age and 
altered recombination, which is entirely dependent on the context of chromosomes, can also contribute to 
development of aneuploidy. Genomic errors can also arise during post-fertilization mitotic divisions, resulting 
in embryonic mosaicism. The mechanisms leading to embryonic mosaicism during embryonic mitosis are; 
non-disjunction, anaphase lagging and endoreplication. Mosaicism exists in ~15–90% of all cleavage stage 
human embryos and in general, mitotic aneuploidies rise from 63% at the cleavage stage to 95% in blastocyst 
stage. Relaxation or absence of cell cycle checkpoints are possible mechanisms that have been hypothesized 
to account for mitotic aneuploidy in early human preimplantation embryos. Specifically, defects in spindle 
assembly checkpoint (SAC) and malfunction of cohesion complexes, can lead to premature chromosome 
separation, while delay in their removal may result in non-disjunction. Furthermore, extra-nuclear DNA 
formation generated from lagging chromosomes with severe DNA damage (i.e., micronucleation), may be 
a major mechanism of mitotic aneuploidy. Once source of aneuploidy involves paternal factor is related to 
mitotic aneuploidy, as severe sperm defects and advanced paternal age can increase the percentage of mitotic 
abnormalities in embryos. Further work and analysis into the molecular mechanisms that lead to meiotic and 
mitotic aneuploidy in preimplantation embryos, could inspire clinical strategies to reduce the occurrence of 
aneuploidy and consequently improve the success rates of IVF. 
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Introduction

Overwhelmingly, aneuploidy has been observed to be the 
most significant obstacle in achieving successful pregnancies 
in in vitro fertilization (IVF) therapy. Specifically, more 
than 50% of preimplantation embryos are aneuploid and 
unable to achieve pregnancies resulting in live births (1). By 
definition, aneuploidy refers to acquisition of chromosomal 
copy numbers that differ from euploid chromosomal 
content. Aneuploidy has been observed in multiple embryo 
categories, irrespective of the mother’s age, and across 
many morphological classifications including arrested and 
developing embryos, fragmented embryos and even good 
morphology embryos in both fresh and frozen-thawed 
cycles (2-4). Aneuploidy in sex chromosomes is compatible 
with life and has mild effects in mental disability and 
growth alterations, although is known to cause infertility (5).  
This is due to X chromosome silencing through an 
epigenetic mediated pathway, in addition to the small 
genetic contribution of the Y chromosome (6). While 
some autosomal forms of trisomy do occur and contribute 
to significant birth effects including Patau syndrome 
(trisomy 13), Edwards syndrome (trisomy 18) and Down 
syndrome (trisomy 21) (7), the vast majority of autosomal 
aneuploidies are not compatible with life. In a follow-up 
study correlating the aneuploidy mechanisms with types 
of infertility, it was found that the repeated implantation 
failure group had the lowest proportion of meiotic errors 
(8.9%), for an average maternal age of 36 years, whereas the 
recurrent miscarriage group had the highest rate (24%), for 
an average maternal age of 37.6 years. The embryos from 
patients with repeated implantation failure were more prone 
to post-zygotic errors, specifically chaotic type complex 
errors (8). In human preimplantation embryos there are 
two types of aneuploidy; meiotic aneuploidy and mitotic 
aneuploidy (mosaicism). In this mini review we focus and 
analyze on the two aneuploidy types, their causes and the 
underlying molecular mechanisms involved.

Meiotic origin aneuploidy

Analysis of human sperm and oocytes has showed that 
aneuploidy in preimplantation embryos is mainly caused 
by an error-prone meiotic chromosome segregation 
mechanism in oocytes. In reproductive aged women, 
aneuploidy rate in human oocytes reaches 20–30%, in 
contrast to human sperm, in which only 1–8% have an 
abnormal chromosomal content (9,10). Trisomy 21, the 

most frequently occurring viable aneuploidy in humans, 
is caused due to missegregation of chromosomes 21 in 
female meiosis I (MI) (65%) or in meiosis II (MII) (23%) 
in contrast to trisomy 16 (which is incompatible with life) 
that in close to 100% of cases is due to missegregation in 
female MI (11-13). Maternal age is the major critical factor 
related to aneuploidy; 50% of the oocytes from advanced 
age women (≥40 years old) are aneuploid due to meiotic 
errors. In contrast, the incidence of aneuploidy in sperm 
is independent of paternal age (9,10). At least 5% of men 
diagnosed with infertility are at high risk of producing 
aneuploid sperm due to a major chromosomal abnormality. 
However, the cell cycle checkpoints during meiosis ensure 
that most potentially aneuploidy gametes undergo apoptotic 
cell death, leading to a lowered sperm count (14). In male 
gametes, most aneuploidies occur in the sex chromosomes 
because XY chromosomes maintain only a limited region 
of homology in order to pair and separate, in contrary 
to female meiosis where XX chromosome pair harbour 
multiple regions of homology. 

In oocytes, there are three possible routes by which 
aneuploidy, specifically trisomy, can occur during meiotic 
divisions: (I) the ‘MI’, ‘homologue’, ‘true’ or ‘classic’ non-
disjunction; in this case, during MI an extra chromosome 
arises through the lack of segregation of a bivalent between 
the oocyte and first polar body; (II) the MII non-disjunction; 
in this case, during MII the lack of segregation of the sister 
chromatid pair between the oocyte and the second polar 
body leads to trisomy; and (III) the MI or MII pre-division; 
in this case, at some point in MI or MII, before or during 
the segregation event, the normal pairing of chromosomes 
may not fulfilled. In MI, this could lead to the generation 
of two pairs of sister chromatids, called univalent, formed 
by the breaking down of a bivalent. Similarly, in MII, 
the dyad could be prematurely resolved into two single  
chromatids (15) (Figure 1).

Meiosis is a specialized cell division process that creates 
genetically distinct haploid cells after the DNA replication 
step following two cell divisions (16). The newly replicated 
sister chromatids are connected by cohesin, a protein which 
maintains cohesion between sister chromatids at the first 
cell division (17). In this mechanism, seperase, a cysteine 
protease, is responsible for cleaving kleisin, a cohesin 
component (18). Furthermore, on resumption of MI, the 
dissociation of homologous chromosomes is initiated by 
the cleavage of cohesin subunit Rec8 by the seperase, along 
the chromosome arms (19). After that, sister chromatids 
are separated during MII, triggered by the cleavage of 
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Figure 1 Synopsis of the basic routes that meiotic aneuploidy can arise in preimplantation embryos. (A) Normal meiotic divisions resulting 
in euploid zygote; (B) Meiosis I (MI) non-disjunction resulting in trisomic zygote; (C) Meiosis II (MII) non-disjunction resulting in trisomic 
zygote; (D) Meiosis I (MI) pre-division resulting in trisomic zygote; (E) Meiosis II (MII) pre-division resulting in trisomic zygote.
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centromeric cohesin complex. Errors in this process may 
result in either chromosome loss or gain, depending on 
whether chromatids/homologs segregate to the polar body 
or to the oocyte, respectively. Despite that, premature 
separation of sister chromatids and reverse segregation, 
during the dictyate stage, involve loss of cohesion between 
sister chromatids possibly due to deterioration of cohesin 
protein complex (20).

It is known that the cohesive connections between 
chromosomes are weakened as maternal age advances 
(13,21). Specifically, cohesin is mainly loaded onto newly 
replicated chromosomes in oogonia, during fetal life (22).  
Despite that, oocytes have only a limited capacity to 
reload the cohesin complex once S phase is complete (22)  
and consequently cohesin will be reduced over time (23,24).  
Indeed, on bivalents from aged oocytes that still retain their 
integrity, very small amounts of Rec8 were detected (25).  
Similarly, in a study performed in dictyate stage human 
oocytes, it was highlighted an age-related decrease in 
cohesin subunits, Rec8 and SMC1β (26). Cohesin loss in 
aged oocytes can modify the proximity of the two sister 
kinetochores, a proteinaceous structure located at the 
centromeric DNA of each sister chromatid, affecting 
dramatically the efficiency of that pair to establish 
an attachment to just one pole. As a result, if sister 
kinetochores start acting independently and not as a pair, 
incorrect attachment to microtubules will be enhanced 
resulting in incorrect anaphase segregation (15). 

The classic  mechanism for meiotic aneuploidy 
is non-disjunction of whole chromosome or sister 
chromatids, in both MI and MII (27). However, data 
from karyotyping of human metaphase II oocytes 
from IVF patients, showed that at least some forms 
of trisomy resulted from malsegregation of single 
chromatids in MI, possibly from premature pre-division  
of the whole chromosomes into sister chromatids, which 
then segregate randomly (28). Another significant factor 
responsible for meiotic trisomies, besides advanced maternal 
age, is the reduced number or altered distribution of 
recombination events between chromosomes. Specifically, 
recombination can be interrupted in three different stages 
during the development of the mature oocyte: (I) prenatally 
with factors influencing recombination patterns before 
arrest in prophase of MI; (II) during follicle recruitment and 
growth by age-related changes; and (III) before ovulation 
and fertilization (which may occur several decades later) 
during resumption and completion of meiosis (29). 

In summary, there is not a unique non-disjunctional 

mechanism applies for all chromosomes, as the mechanisms 
of non-disjunction and the influence of advanced maternal 
age among chromosomes vary significantly. However, these 
differences are not simply dependent on chromosome size, 
as might be expected if the loss of cohesin proteins was the 
only implicated mechanism. Rather, altered recombination 
and maternal age relationship is totally dependent on 
chromosomal context. This can be explained from the 
fact that recombination failure has been linked to some 
forms of trisomy (30,31) involving older women, but at the 
same time a chromosome-specific relationship between 
altered location of crossovers and age is also reported (32).  
Age-related loss of cohesion between homologous 
chromosomes is a possible mechanism for some situations 
of meiotic aneuploidy like in small size chromosomes held 
together by a single crossover, but it is not adequate in the 
case where chromosomes are held together by multiple 
and/or proximal crossovers. Thus, the evidence from 
human studies indicates that there are multiple mechanisms 
accompanying the maternal age effect.

Mitotic origin aneuploidy (mosaicism)

Genomic errors can also arise during post-fertilization 
mitotic divisions, resulting in embryonic mosaicism. By 
definition, embryonic mosaicism describes the presence of 
two or more chromosomally distinct populations of cells 
within the same embryo. Embryonic mosaicism is related 
with genetic diseases, miscarriages and preimplantation 
embryo loss (11). 

As mitosis begins, the microtubules that are attached 
on the kinetochores of each chromosome begin to 
depolymerize, effectively trafficking chromosomes towards 
the opposite poles of the spindle. At the moment that 
sister chromatids are aligned on opposite poles, cytokinesis 
initiates and the cell divides, forming two identical cells (33).  
In contrast to some mammals, first mitotic division in 
human preimplantation embryos does not hold mitotic 
spindle checkpoints in order to prevent the cell from 
unequal chromosome divisions (34). For this reason, 
chromosome malsegregation and subsequent mitotic 
aneuploidy occurs in preimplantation human embryos (35). 
The different mechanisms leading to embryonic mosaicism 
during embryonic mitosis are: non-disjunction, anaphase 
lagging and endoreplication (Figure 2).

Non-disjunction is the failure of sister chromatids to 
separate correctly from each other during mitosis, resulting 
in a cell with a monosomy and another cell with a trisomy. 
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Figure 2 Synopsis of the basic routes that mitotic aneuploidy (mosaicism) can arise in preimplantation embryos. For each figure a pair of 
homologous chromosomes is present. (A) Mitotic non-disjunction; (B) anaphase lagging; (C) endoreplication.
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The timing during which non-disjunction occurs is very 
important for the type of mosaicism. If it occurs prior 
to cell differentiation, such as in cleavage stage embryos  
(<8 cells), then a general mosaicism is created. If it occurs 
after differentiation in the trophoblast cells, then only the 
placenta cells will be mosaic while the actual embryo will 
be euploid. The latest is called confined mosaicism because 
it is present only in one particular area (e.g., placenta) (33). 
Non-disjunction is established as the main malsegragation 
mechanism in sex chromosomes during the first cleavage 
stage mitotic division (36), but is rarely associated with 
meiotic aneuploidy in autosome chromosomes (27,37). 
From the above one may conclude that chromosomes may 
be more or less susceptible to non-disjunction depending 
on the development stage. In addition, although embryonic 
mosaicism in general appears largely independent of 
maternal age, analysis of a large number of cleavage stage 
embryos showed a significant association between mitotic 
aneuploidy due to non-disjunction and maternal age (38).

Anaphase lagging during mitosis is the failure of a sister 
chromatid to properly separate from the other one because 
of improper spindle formation during anaphase, resulting 
in monosomy of that chromosome in one cell and disomy 
in the same chromosome in the other cell. The two main 
reasons behind anaphase lagging are: the failure of the 
chromatid to attach to the spindle or the failure of the 
attached to the spindle chromatid to be incorporated to the 
nucleus. Like in non-disjunction, the timing that anaphase 
lagging occurs determines the type of mosaicism (general 
mosaic or confined mosaicism) (33). In a study that was 
performed on discarded Day 5–6 embryos, it was found that 
monosomy occurred seven times more than trisomy (39), 
implicating anaphase lagging as the main source of mitotic 
aneuploidy in human preimplantation embryos. 

Studies show that lagging chromosomes follow the 
common degradation pathway, they are often encapsulated 
in small, nucleus-like bodies separated from the main 
nucleus, the micronuclei (40). These chromosomes are 
correlated to severe DNA damage that can possibly impair 
their ability to create functional kinetochores and separate 
properly (41). Double-strand breaks, commonly observed 
in cleavage-stage embryos, contributing to mosaic patterns 
of segmental rearrangements (e.g., translocations) (42).  
Segmental replication of chromosomal followed by end-
to-end fusion, can result in chromosome carrying two 
centromeres. These types of chromosomes are susceptible 
to breakage-fusion-bridge cycles, leading to a cascade 
of complex rearrangement in descendent cells (43).  

Furthermore, in subsequent mitotic divisions, the 
micronuclei may fuse with neighboring blastomeres or be 
reabsorbed into the main nucleus, resulting in complex 
mosaicism patterns (40). Micronuclei may also be expelled 
from the blastomeres by cellular fragmentation in which 
their chromosomes are degraded (44). Additionally, in a 
study correlating morphologic nuclear abnormalities with 
mosaicism in human preimplantation embryos, it was 
found that embryos containing blastomeres with abnormal 
micronuclei were aneuploid due to mitotic mosaicism, while 
embryos without abnormal nuclei were euploid or had only 
a low percentage of mosaicism. Specifically, blastomeres 
in embryos with micronucleation showed reciprocal 
chromosome gains and losses of both whole chromosome 
and of chromosome segments. Therefore, extra-nuclear 
DNA formation may possibly be a primary mechanism of 
mitotic aneuploidy (45).

Endoreplication defines the replication of a chromosome 
during the S phase of  the cel l  cycle  without the 
subsequent completion of mitosis, resulting in trisomic 
chromosome in one cell and a disomic chromosome in 
the other. Endoreplication can occur by two mechanisms: 
by a malfunction in cell cycle resulting to a replicated 
chromosome without subsequent cytokinesis or from 
a sudden shutdown after mitosis initiation that leads 
in a replicated chromosome (33). The vast amount of 
chromosomal aneuploidies within the human embryo is 
due to non-disjunction and anaphase lagging, while the 
incidence of endoreplication occur to a lesser extent (3).

The frequency of mitotic aneuploidies in human 
preimplantation embryos can be calculated from the 
mosaic embryos frequency. One relative systematic review 
and meta-analysis of studies showed that 73% of all 
human preimplantation embryos after IVF were mosaic. 
Interestingly, 22% of those embryos were diploid mosaic 
and 5% of them were detected with other abnormalities (46).  
Among mosaic embryos, the most common type was 
diploid-aneuploid embryos (59% of all embryos) followed 
by aneuploid mosaic embryos (15% of all embryos). The 
observed heterogeneity in the reported frequency of mosaic 
embryos is dependent on several factors including: (I) the 
number of chromosomes that have been analyzed; (II) the 
type of embryos (fresh vs. frozen); (III) the definition of 
mosaicism that is used; (IV) the developmental stage of the 
embryos (cleavage stage vs. blastocyst stage); and (V) the 
method of analysis that is used in a study.

In human preimplantation embryos, mitotic aneuploidies 
and mosaicism are very common during the first cleavage 
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divisions. Specifically, ~15–90% of all cleavage stage human 
embryos are mosaic (47). In addition, meta-analysis data 
showed that mitotic aneuploidies increased from 63% at 
the cleavage stage to 95% to blastocyst stage (46). A relative 
study reported that 69% of abnormal blastocysts from 
advanced age women were mosaic for both the inner mass 
and the trophoectoderm (48). Even though the mosaic 
embryos percentage is higher at the blastocyst stage, the 
proportion of aneuploidy cells within the embryo decreases, 
resulting in relatively more diploid cells in blastocyst stage 
embryos (74%) compared to cleavage stage embryos (62%) 
(46,49-52).

At mitosis there are specific cell cycle checkpoints that 
ensure correct cell division before progression to the next 
stage. Relaxation of those cell cycle checkpoints can lead 
to ploidy mosaicism by occasionally allowing cells to skip 
M phase. This results to DNA replication without cell 
division, creating a tetraploid cell. Mosaic tetraploidy is very 
common to occur at earlier embryonic stages but can also be 
observed in molar pregnancies (<1%) (53). Moreover, when 
tetraploidy is accompanied by amplification of centrosome it 
can lead to multipolar cell division in following mitoses (44).  
The cell cycle checkpoints at mitosis occur during G1, G2 
and metaphase stages of the cell cycle (54).

The G1 checkpoint controls all the required factors for 
DNA synthesis, such as quantity of energy, environment, 
cell size, and presence of nucleotides and nutrients. The 
G2 checkpoint controls proper DNA duplication during 
the S phase of the cell cycle and progression to mitosis. A 
relevant study reported that retinoblastoma protein, the 
key protein of the G1 cell cycle checkpoint, and Wee1-like 
protein kinase, the key protein of G2 cell cycle checkpoint, 
are absent from morphologically normal appearing Day-3  
human embryos (55). In addition to the aforementioned 
cell cycle checkpoints, the primary checkpoint ensuring 
proper chromosome segregation is the spindle assembly 
checkpoint (SAC). As it is known, mitotic spindle consists 
of microtubules emerging from the spindle poles (Figure 3). 
Defects in microtubule dynamics, in spindle pole function 
or in kinetochore composition contribute to increased 
frequency of chromosome segregation errors. Components 
of SAC, such as Mad1, Mad2, Mad3, Mps1, Bub1, Bub3, 
BuBR1 and CENP-E recognize kinetochores that are 
empty or incorrectly attached and they activate cell cycle 
delay until the correct attachment of all chromosomes to 
microtubules and the proper alignment at the metaphase 
plate (56). This delay is performed via inhibition of the 
anaphase-promoting complex/cyclosome, whose activity is 

required for the metaphase-to-anaphase progression (57). 
Defects in SAC can lead to aneuploidy, both in vitro and  
in vivo, due to increased chromosome missegregation levels. 
Relaxation or absence of cell cycle checkpoints in early 
human preimplantation embryos contribute to aneuploidy 
by allowing a blastomere with chromosomal defects to enter 
and continue to mitotic divisions (58,59).

In addition to SAC, sister chromatid cohesion is vital 
for the maintenance of structural integrity of chromosomes 
and for proper attachment of chromosomes in the mitotic 
spindle (60). Cohesins function to keep the two sister 
chromatids connected, preventing them from premature 
separation from S-phase until anaphase. At anaphase, the 
association between the sister chromatids is ended allowing 
them separate each other. Cohesins consist of one stromal 
antigen (STAG) subunit (STAG1, STAG2, STAG3), two 
structural maintenance of chromosome (SMC) subunits 
(SMC1α, SMC1β, SMC3) and one kleisin subunit (RAD21, 
RAD21L, Rec8) (61). Most of the subunits are shared in 
both meiosis and mitosis, except subunits SMC1β, STAG3, 
RAD21L and Rec8 that are specific only to meiosis (61). 
Malfunction of cohesins leads in premature separation of 
chromosomes, while delay in their removal may lead to non-
disjunction (62). Specifically, inactivation of STAG2 was 
found to lead in aneuploidy in human cells (63). The rate 
of mitotic errors in somatic cells was found to be increased 
by mutations in cohesin subunits and their regulators. 
Specifically, it was found that overexpression of seperase can 
frequently cause premature separation of sister chromatids, 
leading to aneuploidies involving both chromosome losses 
and gains (64). Similarly, knockout of several cohesin 
genes (including PLK1, STAG1, RAD21, NIPBL and 
SMC3) in mouse models resulted in early embryonic 
arrest (65). Furthermore, zygotes predicted to give rise to 
arrested embryos exhibit differential expression of several 
cohesin genes including SMC3 and securin, a protein 
involved in control of the metaphase-anaphase transition 
and anaphase onset (66). Finally, paternal factors are also 
related to mitotic aneuploidy, since severe sperm defects 
can increase the percentage of mitotic abnormalities and 
chaotic mosaic embryos. Specifically, embryos originating 
from patients with non-obstructive azoospermia, where 
sperm was retrieved after testicular sperm extraction, have 
an increased mosaicism rate compared to embryos derived 
from ejaculated sperm (53% and 26.5% respectively) (67) 
Furthermore, advanced paternal age (≥50 years old) induces 
mitotic aneuploidy and decreases blastocyst rate formation 
in embryos originated from donated oocytes (68).
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Conclusions

The observed high rate of chromosomal aneuploidies in 
preimplantation human embryos may arise mostly during 
the first or second meiotic divisions, especially in advanced 
maternal age, but also can arise in the postzygotic stage 
during the mitotic divisions of cleavage stage and blastocyst 
embryos, resulting in mosaicism. The major etiological 
factor of meiotic aneuploidy is the maternal age. Cohesive 
connections holding together chromosomes are weakened 
with increasing maternal age possibly due to very small 
amounts of a major cohesin component, Rec8. This 
alternates the proximity of the two sister kinetochores 
promoting incorrect attachment to microtubules that finally 
will result in incorrect segregation in anaphase. Another 
significant correlation of meiotic aneuploidy (especially in 
trisomies) is with the reduced number or altered distribution 
of recombination events in various chromosomes. 
Intriguingly, the relationship between maternal age and 
altered recombination is entirely dependent on the context of 
chromosomes (Figure 4A). The summation of evidence from 
human studies clearly indicates that multiple mechanisms 
synergize with maternal age effect to promote aneuploidy. 

In contrast, mitotic aneuploidy (mosaicism) occurs more 
specifically, mainly by the relaxation or absence of cell 
cycle checkpoints via SAC which leads to aneuploidy both 
in vitro and in vivo arising from increased chromosome 
missegregation levels. In addition to SAC, sister chromatid 
cohesion is vital for the maintenance of structural 
integrity of chromosomes and for proper attachment of 
chromosomes in the mitotic spindle. Thus, malfunction 
of cohesins, possibly due to inactivation of STAG2 and/or 
overexpression of seperase, leads in premature separation 
of chromosomes, while delay in their removal may lead to 
non-disjunction. In addition, extra-nuclear DNA formation 
(micronucleation) from lagging chromosomes with severe 
DNA damage, may possibly be a primary mechanism of 
mitotic aneuploidy. Paternal factor is also related to mitotic 
aneuploidy, since advanced paternal age and severe sperm 
defects can increase the percentage of mitotic abnormalities 
and chaotic mosaic embryos, respectively (Figure 4B). 

To move the field forward, we suggest further work 
and analysis to be performed in the molecular interactions 
between Rec8 protein with other cohesins (i.e., STAG3, 
SMC1β and RAD21L) in order to reveal the effects of 
advanced maternal age on sister chromatid cohesion 

Figure 3 Kinetochore microtubules in mitotic spindle. Each sister chromatid of a chromosome is attached to kinetochore microtubules 
(shown in green) at the kinetochores (one for each sister chromatid). The kinetochore microtubules are structured by the centrosomes 
(the microtubule organizing centers) at spindle poles. In addition to the kinetochore microtubules, there are two other distinct types 
of microtubules in the spindle: the polar microtubules (shown in red) and the aster microtubules (shown in blue). For all three types of 
microtubules, the minus ends are at the centrosomes and the plus ends (indicated as +) grow away from the centrosomes (Creator: Prof. 
Richard Cyr, Dept. Biol. Penn State©2004, permission granted).
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throughout the whole meiotic process in human oocytes. 
Similarly, further studies can be possibly performed in 
the gene expression levels of different SAC components 
(i.e., Mad1, Mad2, Mad3, Mps1, Bub1, Bub3, BuBR1 
and CENP-E) in order to elucidate the correlation 
between advanced maternal age and the inability of the 
SAC to detect certain attachment errors to chromosome 
kinetochores in the mitotic spindle.
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