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Abstract

Chromosomal abnormalities originate predominantly
from female meiosis, so the direct analysis of the outcome
of the first and second meiotic divisions allows performing
preimplantation genetic testing for aneuploidy (PGT-A).
This approach to PGT-A revealed novel information on
the prevalence of meiotic errors and significantly different
chromosomal profile from those described in previous
meiotic studies, allowing a high accuracy of the oocyte
genotype prediction in pre-selection of embryos resulting
from aneuploidy-free oocytes. Although, this is no longer a
standard PGT-A practice, its utilization is still the only choice
in the population settings, where embryo manipulation is not
allowed. It also provides a unique information on the origin
and mechanism of human chromosomal abnormalities
detected in the current PGT-A based on NGS and blastocyst
biopsy. It is particularly essential in distinguishing meiosis
or mitosis origin of the resulting embryo mosaicism in pre-
selection and prioritization of transfer of such embryos, to
ensure the highest potential for pregnancy and birth of a
healthy offspring.
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Introduction

It is well known that chromosomal abnormalities originate
predominantly from female meiosis, and derive mainly from
meiosis I [1-3]. It is also agreed that aneuploidy prevalence is
maternal age depended due to age-related reduction of meiot-
ic recombination, resulting in premature separation of bivalents
and chromosomal non-disjunction. Meiosis II errors was also
thought to originate from meiosis I, but on the contrary, as a
result of the increased meiotic recombination rate, leading to a
separation failure of bivalents [4]. Thus, the direct analysis of the
outcome of the first and second meiotic divisions, using the first
and second polar body (PB1; PB2) was used for preimplantation
genetic testing for aneuploidy (PGT-A) [5-6]. This was based on
the concept that PB1, extruded following maturation of oocytes,
represents a by-product of meiosis I, while PB2 is a by-product of
meiosis II, naturally extruded following the exposure of oocytes
to sperm or ICSI. As will be described below, prevalence and
types of chromosomal errors detected by this approach are dif-
ferent from what was described in the earlier traditional studies
of meiotic chromosomes in metaphase II oocytes, according to
which chromosomal anomalies in oocytes originate mainly from
the errors of whole bivalents as result of chromosomal non-dis-
junction [7]. As will be described below, on the contrary, direct
testing of meiosis process outcome has revealed not only a high-
er prevalence of meiotic errors, but also a significantly different
chromosomal profile, allowing a high accuracy of the oocyte
genotype prediction for pre-selection of embryos resulting from

aneuploidy-free oocytes [8-11].

As PBs are extruded as a natural process, their removal requires
the least invasive intervention, in pre-selection of zygotes with a
higher developmental potential. This traditionally was based on
pre-selection of embryos by morphological parameters which are
of a limited value for this purpose. Although PB-based PGT-A is
no longer a standard of practice either, its utilization is still the
only choice in the population settings, where embryo manipula-
tion is not allowed. This also provides the unique information on
the origin and mechanism of human chromosomal abnormal-
ities, which is described below. In addition, with the improve-
ment of resolution in detection of copy number variation in the
current PGT-A based on the next generation sequencing (NGS)
coupled with blastocyst biopsy procedure, a sizeable group of de-
tected embryo mosaicism presents the problem in decision mak-
ing on the transfer of such embryos, requiring the information
on their origin provided by PB analysis, to insure the expected

reproductive outcome [12].

Prevalence and Types of Chromosomal

Abnormalities in Human Oocytes

Based on our data of 20,000 oocytes [8-11], tested in process of
PGT-A, approximately half of these oocytes were chromosomally
abnormal, originating either from both meiosis I and meiosis II,
either from meiosis I, or from meiosis II only, in approximately
equal proportions. The frequency of aneuploidies of meiosis
origin increases with increasing of maternal age, from up to 20%
in patients of 35 years of age, to over 40% in patients older than
40, which is in agreement with other studies [13-14]. It is not
clear to what extent the reported meiotic aneuploidies are related
to IVF treatments involving aggressive hormonal stimulation,
as the actual prevalence may be much lower in donated oocytes

from young fertile women [15].

In contrast to the well-established concept of female meiosis I
origin of the majority of aneuploidies, PB-based PGT-A showed
a comparable proportions of detectable aneuploidies originating
from meiosis I (31,0%) and meiosis II (33.7%), [8-11]. It is of
interest, that a one-third of the chromosomally abnormal
oocytes originate from sequential meiosis I and meiosis II errors,
suggesting that these meiosis II errors may be related to the
preceding meiosis I errors. This is in agreement with the concept
of a possible relationship of meiosis II errors with the increased
meiotic recombination rate mentioned above [4]. However,
another half of meiosis II errors were independent from meiosis
L, with all types of errors showing the maternal age dependence.
This is of clinical significance, as clearly the genotype of the
resulting zygote cannot be predicted without testing of the
outcomes of both meiotic divisions. Of course, even testing
of meiosis I errors alone could reduce aneuploidy rates in the
resulting embryos by two-thirds, but over one-third of these
oocytes will be still abnormal following the second meiotic
division. Thus, testing for only MI errors may still improve the
implantation and pregnancy rates in poor prognosis IVF patients,
by applying ICSI selectively only to the oocytes with aneuploidy-
free PB1, despite that only half of the abnormalities deriving
from the second meiotic division may be detected following MI.
The spectrum of types of errors resulting from MI showed a two
times higher frequency of nullisomies over disomies (Figure 1),
in contrast to a comparable nullisomy/ disomy ratio after MII
(Figure 2). Thus, missing chromosome materials in the extruded
PB1 are more frequent than extra chromosomes, in agreement
with a higher frequency of trisomies over monosomies in
spontaneous abortions. Such a predominance of meiosis I

originating nullisomies may be due to a possible meiosis I
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check point mechanism, preventing extra chromosome material
extrusion during oocyte maturation, unless it is attributable
to a technical error. This, however, may be excluded, as all the
detected types of errors show a strong maternal age dependence
[8-11] that may suggest a biological nature of this phenomenon
caused by the overall disturbances of the meiosis process with

age.

As mentioned, the majority of aneuploidies originating from
meiosis I are represented by chromatid errors (Figure 1), in

contrast to the expected chromosomal nondisjunction, as

suggested by previous traditional studies. However, chromosomal
errors are still observed in sizable proportion (6.3%) of oocytes,
thus the abnormalities in MII oocytes are not solely of chromatid
origin. Although both chromatid and chromosomal errors are
involved in producing metaphase II oocyte abnormalities, the
chromatid/chromosome error ratio is as high as 10:1. Clearly,
both of these meiosis I errors lead to aneuploidy in the resulting
embryos, with no data available on their possible differences on
the pre- and post-implantation development. On the contrast to
meiosis I errors, there is no difference in the frequency of missing

or extra chromatid errors following meiosis II (Figure 2).

B Missing Chromatid

B Extra Chromatid
B Missing Chromosome
Extra Chromosome

Complex

m 50.3%

Figure 1: Meiosis I errors, demonstrating predominance of chromatid abnormalities, with significantly excess of nullisomies over

disomies
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Figure 2: Meiosis II errors with comparable ration of missing and extra chromatids

While at least 95% of aneuploidies originate from maternal
meiosis, the remaining aneuploidies derive from paternal
meiosis and/or mitotic errors. To cover the whole spectrum, as
mentioned, the standard PGT-A methodology is currently based
on the next generation sequencing (NGS) following blastocyst
biopsy. This is also more practical, because not all oocytes can
reach the embryo transfer stage, with also selection against
aneuploid embryos that may not survive to blastocyst. In fact, it
is of note that there is an inconsistency between the expected and
observed frequency of some types of aneuploidies in embryos
as predicted by meiosis testing. While the predicted lower rate
of monosomies is in agreement with the lack of autosomal
monosomies in spontaneous abortions, due to incompatibility
with post-implantation development, the predicted embryo
trisomy predominance is not in accordance to the observed
trisomy prevalence in the resulting embryos, being comparable
to monosomy rate (Table 1). It is of interest that the latter did
not show the maternal age dependence, suggesting a possible

artefactual nature of monosomies detected by PGT-A [11].

This discordance may be explained by the possibility that the
majority of monosomies detected in embryos are deriving
from mitotic errors. In fact, a significant proportion of the
cleavage-stage monosomies were shown to be euploid after their
reanalysis [16]. The fact that almost no embryo monosomies
are detected after implantation, may be due to their elimination
before implantation. However, the majority of pre-zygotically
derived monosomies, as well as at least some of postzygotic
origin, may still survive until the blastocyst stage, therefore
leading to implantation failure or pregnancy loss. A follow up
of progression and survival of over two thousand fertilized
oocytes with different types of chromosome abnormalities did
not detect the initial variety of chromosome abnormalities later
in development, although well tolerated until activation of the
embryonic genome [17]. However, many aneuploid embryos still
successfully reach the blastocyst stage, even if some chromosome
errors present during preimplantation development are not

detected in clinically recognized pregnancy.
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Of special interest is the group of complex aneuploidies, detected
in one-fifth of abnormalities following meiosis I and II (Figures
1 and 2). These abnormalities involve the errors in both MI
and MII of the same chromosome that may result in balanced
(normal) embryos, representing the phenomenon of aneuploidy
rescue, similar to the well-known trisomy rescue mechanism.
Although the resulting chromosome set of the oocytes after
complementary (reciprocal) errors in meiosis I and meiosis II
may be considered balanced, the fate of these embryos is not
clear and may result into abnormal (mosaic) status, uniparental

disomy and imprinting disorders.

Overall, the high prevalence of complex errors may indicate
generalized disturbances in the meiosis process due to the
age-related effect on the recombination frequency, spindle
formation errors that are also reported to increase with age,
loss of chromosome cohesion and mitochondrial and organelle
dysfunction [18-24]. However, the actual mechanism underlying
correlation with maternal age is still not understood. The data
show a strong correlation between female ageing and premature
resolution of centromeric cohesion, which is characterised by
depletion of the meiosis-specific alpha-kleisin subunit Rec8
from the oocyte chromosomes. Together with the involvement

of other meiosis-specific proteins, this event may explain the
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prevalence of premature loss of centromeric cohesin in oocytes
of older females. Analysis of the timing and mechanisms of
cohesin depletion during female ageing, show that cohesin is
gradually depleted from the oocyte chromosomes during the
prolonged arrest at prophase of meiosis I, long before oocytes

are recruited for growth.

Chromosome-Specific Meiotic Error Origin and Its Impact
on Embryo Viability

Analysis of chromosome-specific patterns has shown that
chromosomes 15, 16, 21 and 22, are much more frequently
involved in female meiosis errors than other 20 chromosomes,
representing over one third of all oocyte aneuploidies. This is
followed by chromosomes 19 and 20, with errors of other 18
chromosomes being of lower frequency [24-26]. These data are
in agreement with data obtained in PGT-A performed at the
blastocyst stage (Figure 3). It was also previously demonstrated
that despite differences in chromosome-specific aneuploidy
rates, the maternal age dependence was observed for each of
these chromosome errors, almost doubling between the age 35
and 43 years, again suggesting overall disturbance of the meiosis

process with advanced reproductive age [11].
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Figure 3: Chromosome specific prevalence of Monosomy and Trisomy Detected in Day-5 Embryos
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Chromosome-specific origin of errors was also not similar:
chromosome 16 and 22 errors originated more frequently in
meiosis II (44.4% and 41.5% meiosis II errors, vs. 32.0% and
34.3% meiosis I errors, respectively). Chromosome 13, 18, and
21 errors were more frequently from meiosis I (40.1%, 48.3%,
and 41.4% in meiosis I vs. 36.3%, 34.6%, and 36.7% in meiosis
II, respectively). It is of note that the proportion of oocytes
with errors of both meiosis I and meiosis II origin, were not
significantly different for errors of different chromosomes,

except for chromosome 18 errors [8-11].

These data are opposite to the chromosome specific meiosis
origin observed in spontaneous abortions and live-born children
[2] and may indicate poor viability of embryos resulting from
the oocytes with the chromosome 16 and 22 errors of the second
meiotic division, possibly incompatible with implantation
and post-implantation development. At present, there is no
explanation for the possible biological differences of aneuploidies
depending on the meiotic origin, except for loss of heterozygosity
or higher homozygosity of the embryos originating from meiosis
IT errors for the genes located on these chromosomes. This may
lead to imprinting of paternal or maternal genes on chromosomes
16 or 22, although there is no sufficient data on the established

imprinting genes in these chromosomes.

Whatever may be the explanation for the above phenomena,
these data provide evidence for a possible viability differences
depending upon not only the chromosome involved but also the

meiotic origin of the error.

Chromosomal Anomalies in Embryos in Relation to
Meiosis Errors

As shown above, approximately half of meiosis II errors are
observed in the oocytes with prior errors in meiosis I, and as a
result of such sequential errors, one-third of the resulting zygotes
may have been considered normal (euplolid), provided that the
preceding errors in meiosis I and meiosis II have no effect on
the further developments of the corresponding embryos. Based
on this observation, it could have been postulated that a pooled
testing of both polar bodies could be acceptable, as it will show
the normal results in the cases PB1 and PB2 reciprocal errors, or
show an abnormality if the errors are not balanced or occur only
in the first or second meiotic divisions. The follow-up testing of
these embryos with reciprocal MI and MII errors showed that
only 18% embryos, deriving from such apparently balanced

zygotes, were euploid for all the chromosomes analyzed [8-11].

Embryos Tested
Total 20,269

Euploid Total 8,795 43.4%

Aneuploid Monosomy 2,793 27.5%
Trisomy 3,078 30.31%
Complex 3,412 33.6%
Full Segmental 853 8.4%
Total 10,136 50.10%

Mosaic Whole chromosome | 1051 78.56%
Segmental 123 9.23%
Complex 164 12.22%
Total 1338 6.6%

Table 1: Chromosomal Abnormalities in Human Embryos detected in our PGT-A practice
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As the average reproductive age of the patients from whom
the oocytes were obtained was approximately 38.5 vyears,
the observed genomic instability in mitotic divisions of the
apparently balanced zygotes following meiosis II rescue may be
age related. The above mentioned advanced maternal age effects
may also apply to increasing errors in the mitotic machinery
of dividing cells. It has been suggested that deviations in the
cytoplasmic organization, such as mitochondrial distribution
and maternal genetic variants spanning the centrosomal
regulator PLK4, may reduce meiotic competence of oocytes and
predispose the embryos to common cleavage abnormalities [27-
30]. The relationship between these cytoplasmic changes and
the nuclear organization during maturation and fertilization of
oocytes may determine an abnormal development and mitotic
errors, as suggested in prospective analysis of pronuclear zygote
morphology in relation to chromosomal abnormalities detected

in PGT for poor prognosis IVF patients [31,32].

Because there is usually no information about the initial
chromosomal set of zygotes from which mosaic embryos
originated, the nature of mosaicism in preimplantation embryos
is not known. There are, however, indirect observations
suggesting that the observed mosaicism may be of different
nature. Some mosaic types increase with maternal age [33], and
therefore probably stemming from female meiosis errors. Others
are possibly attributable to immaturity of centrosome structures
in sperm, expected to be active from the first mitotic divisions
of zygote as suggested for the cases involving patients requiring

microsurgical testicular sperm extraction (TESE) [34].

In a recent PGDIS position statement on mosaicism mentioned,
which was based on the analysis of the follow up of one thousand
transferred mosaic embryos, none appeared to lead to live births
with detected no neonatal abnormalities [12,35]. However, the
implantation ability of a mosaic embryo depended not on the
specific chromosome involved, but the proportion of euploid
cells present. If the vast majority of cells are chromosomally
normal, these will dominate over aneuploid cells, thus facilitating
ability to implant and lead to a chromosomally normal live
birth. The converse would apply if the vast majority of cells are
aneuploid. The latter mosaic embryos either fail to implant or are
destined to be lost early in pregnancy. Thus, a low-level mosaic
embryos have a significant potential to reach term, and could
be considered for transfer in the absence of euploid embryos.
It may be suggested that the majority of low-level mosaics may
have actually been a false positive, as has been demonstrated in
the extended in vitro culture of mosaic embryos to the day 12,
71% of which appeared to be normal both in trophectoderm and
inner cell mass [36]. On the contrary, the other study revealed
a meiosis error as an origin of mosaicism, and therefore should
be avoided from transfer, to prevent the poor transfer outcome
of this mosaic embryo [37]. Thus, the development of reliable
additional testing will allow pre-selection and prioritization of
transfer of mosaic embryos to ensure the highest potential in

achieving pregnancy and birth of a healthy offspring.

In conclusion, presented data on the types of chromosomal
aneuploidies and the prevalence of each chromosome-specific
error in oocytes and embryos further suggest that most
chromosomal aneuploidies in embryos originate from female
meiosis, predisposing to further sequential post-zygotic errors,
which may explain the high rate of chromosomal instability in
preimplantation embryos. This may also call for requirements of
detection of the origin of aneuploidies, having important value
in pre-selection and prioritization of single embryo transfer with

highest potential to result in healthy pregnancy.
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