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Figure 11. Genome-wide haplarithm profile of an individual bovine blastomere. The top row signifies
different haplarithm profiles for normal disomy, as well as monosomy and trisomy of maternal origin.
Defined single-cell BAF-values of the segmented P1, P2, M1 and M2, as well as the distance between the
P1-P2 or M1-M2 denote the origin and nature of copy number (CN) alterations. The normalized logR-
values are integrated with haplarithm profiles for copy-number profiling. The pairwise breakpoints in the
segmented P1-P2 and M1-M2 in the haplarithm profiles signify homologous recombination sites,
accompanied by the switch in the haplotype blocks. Based on the recombination patterns, the haplarithm
signatures also allow tracing chromosomal aberrations back to meiotic I (MI), meiotic Il (MII) or mitotic
segregation errors (with the exception of monosomies). The genome-wide plot is also depicted for a single
bovine blastomere (bottom), carrying chr3 segmental duplication, chr20 monosomy and chrX nullisomy,
accompanied by respective changes in the haplarithm patterns and logR ratio.
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3.2.4 Statistical analysis

For Study II, statistical calculations were performed using GraphPad Prism 6
software (GraphPad Software Inc., USA). The prevalence and nature of CIN were
compared between the three embryo groups and corresponding single blasto-
meres by two-tailed Fisher’s exact test with Bonferroni correction for multiple
testing. The differences in the frequencies of CIN between the three embryo
cohorts were considered to be statistically significant when the multiple testing
corrected P-value was <0.01. When comparing two groups of monospermic
embryos, a P-value <0.05 was considered to be statistically significant.

3.3. Human embryo biopsy and
sample processing (Study Il1I)

Embryo biopsy and sample collection was performed at the Tomsk regional
perinatal center (Tomsk, Russia) and the Krasnoyarsk Center for Reproductive
Medicine (Krasnoyarsk, Russia). The study was approved by the Bioethics
Committee of the Biological Institute of the National Research Tomsk State
University and all patients have signed an informed consent. All micromani-
pulations were performed under a hood in a high-quality standard IVF labo-
ratory. The schematic representation of study design is depicted in Figure 12.

Embryo biopsy was performed on cryopreserved blastocysts, donated for
research by patients, who have undergone IVF treatment. Cryopreservation and
thawing of blastocysts were done according to the manufacturer’s VT601-TOP/
VT602-KIT protocol (Kitazato Corporation, Japan). According to the study
design, BF was first aspirated, and ICM and TE cells were further isolated and
collected for separate chromosome analysis. Blastocyst micropuncture and
aspiration of BF was performed after blastocyst thawing by previously
described methods (D'Alessandro et al., 2012; Gianaroli et al., 2014). Briefly,
blastocysts were immobilized by a holding pipette, mounted on a micro-
manipulator, and BF from the cavity of expanded blastocysts was aspirated by
an ICSI micropipette (Origio, Denmark), which was inserted between the TE
cells to minimize the possible cell damage. The use of ICSI micropipette also
minimizes the risk of cross-contamination by intact TE or ICM cells. A single
aspiration was performed, avoiding aspiration of any cellular material. A
volume of ~0.01pl of blastocoel fluid was retrieved from each blastocyst, which
was then expelled into the 2.5 pl of 1x PBS. After BF aspiration and blastocyst
re-expansion, OCTAX Laser Shot™ microsurgical laser system (MTG,
Germany) or ZILOS-tk® (Hamilton Thorne, USA) were used to separate TE and
ICM cells. All biopsied materials were immediately whole-genome amplified
and stored in —20 °C until further processing.
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IV. RESULTS AND DISCUSSION

4.1. Characteristics of CIN in bovine in vitro
cleavage-stage embryos (Study I)

Understanding the mechanism guiding early human preimplantation develop-
ment is the key to implementing potential improvements in ART, as low effi-
ciency of IVF treatments poses significant social and financial burden to the
patients. However, human embryo research is very restricted due to ethical
considerations; hence many studies on cellular and molecular mechanisms of
early embryogenesis inevitably rely on animal models. Historically, the
relatively cheap mouse model has been the most useful and popular animal model
for studying biochemical and physiological regulations of mammalian embryo
development. However, when it comes to studying origins of CIN in early
embryos, mouse model may be the least suitable due to high genomic stability.
A major difference between the early human and mouse embryogenesis is the
timing of EGA. Because mouse embryonic genome is activated already at the
2-cell stage of development, it can potentially ensure more efficient guarding of
the genome due to earlier onset of mitotic checkpoints, compared to human
(Wells et al., 2005; Wei et al., 2011). In addition, human oocytes have a poorer
competence to maintain genomic stability in embryos prior to EGA, compared
to mice (Wang et al., 2017). For these reasons, an investigation into a new
animal model for studying CIN in early embryos was warranted. In contrast to
mice, EGA in bovine and non-human primates occurs at 8- to 16-cell stage and
the 6- to 8-cell stage of development, respectively (Graf et al., 2014; Wang et
al., 2017), which is also accompanied by high levels of aneuploidy, observed in
these species after IVF (Viuff et al., 2000; Dupont et al., 2009; Dupont et al.,
2010). The upkeep cost of non-human primates is very demanding, but the
analogies between bovine and human reproduction, including endocrine charac-
teristics, folliculogenesis and live-birth rates per embryo transfer (Malhi et al.,
2005) render the bovine preimplantation embryo as an ideal candidate for
studying the mechanisms of embryonic CIN in humans. By applying compre-
hensive single-cell genome analysis methodology in Study I, we aimed at
providing deeper insight into the incidence and nature of CIN in bovine
cleavage-stage embryos.

To achieve this goal, we genotyped about 777,000 uniformly spanned SNPs
across the genomes of 160 single blastomeres derived from 25 in vitro produced
bovine cleavage-stage embryos, of which 72% (n = 116) were analyzed by
haplarithmisis following quality control (QC). To determine the genomic
constitution of embryos, only those embryos were included, in which more than
half of the blastomeres passed QC (23/25 embryos met this criteria). In our
cohort, six embryos (26%) were normal diploid in all analyzed cells and 17
were abnormal (74%), containing at least one blastomere with segmental or full
chromosome aberration (Fig. 13A-D). Out of 17 abnormal embryos, 15 (88%)
were mosaic, including four embryos with a mix of normal and abnormal cells
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(normal/aberrant) and 11 aberrant/aberrant embryos that contained various
genomic abnormalities in different embryonic cells. A staggering 39% (9/23
embryos) also had blastomeres burdened with full genome anomalies, including
genome-wide loss of heterozygosity, UPDs, triploidy, tetraploidy and haploidy.
For these embryos, single-cell haplarithm profiles and parental haplotypes un-
covered the presence of only paternal (androgenetic) or only maternal (gyno-
genetic) genomes in a single blastomere and enabled triploid blastomeres to be
classified as diandric or digynic in origin (some of these embryos will be
discussed in greater detail in Chapter 4.2). Among the embryos with blasto-
meres affected by whole-genome anomalies, one contained only maternal
genome in all the cells, indicating a parthenogenetic activation of the oocyte
without any paternal contribution.
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Figure 13. The frequency and nature of chromosomal instability in bovine
cleavage-stage embryos. (A) General characteristics of bovine embryos based on their
genomic constitution, including the (i) proportion of normal diploid and abnormal
embryos and (ii) proportion of abnormal mosaic and non-mosaic embryos. (B) The
mechanistic origin (i) and nature (ii) of identified whole-chromosome imbalances.
(C) The frequency and nature of segmental imbalances. (D) The proportion of embryos
with different genetic anomalies [Fig. 1 in (Destouni et al., 2016)].

In abnormal embryos without uniform ploidy changes, whole-chromosome
abnormalities were the most frequent errors that included losses (monosomies
and nullisomies), gains (trisomises, tetrasomies) and uniparental disomies
(12/23 embryos, 52.17%; Fig. 13D). Whole-chromosome meiotic errors were
encountered only in 19% of embryos, in which case embryos showed the same
chromosomal aneuploidy in all sister blastomeres. The rest of whole-chromo-
some imbalances were mitotic in origin (81%, Fig. 13B). Whole-chromosome
losses, which had a reciprocal duplication in a sister blastomere, represented
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15% of the mitotic numerical chromosome aberrations that can be explained by
mitotic non-disjunction, in which one sister cell receives an extra chromosome,
while the second sister cell loses the same chromosome. The majority of mitotic
chromosomes are, however, neither reciprocal nor recurrent (42%) in sister
blastomeres. Such losses of chromosomes are likely due to merotelic
attachments of microtubules to kinetochores that lead to mitotic anaphase
lagging and exclusion of one of the chromatids from both sister blastomeres.
Whole-chromosome gains entail trisomies, tetrasomies and >4 copies of the
genome, which represent 26%, 3% and 1% of all mitotic numerical chromo-
some anomalies, respectively. Non-reciprocal gains account for 13%, however
reciprocal losses may be present in sister blastomeres that were not included in
the analysis due to suboptimal quality.

The identified segmental abnormalities were classified as simple segmental
aberrations and complex segmental aberrations. Terminal deletions, terminal
duplications, terminal amplifications and proximal duplications were termed
simple segmental aberrations. Of the simple segmental aberrations, 37.5% are
reciprocal, meaning that they have a terminal deletion in one blastomere and a
terminal duplication with the same breakpoints on the same allele in the sister
blastomere. Recurrent segmental imbalances (37.5%) entail only terminal losses
(Fig. 15C). In contrast, terminal imbalances coexisting with other segmental
aberrations for the remaining part of the chromosome were labelled complex
aberrations that represented 47% of all segmental aberrations. Out of complex
rearrangements, signatures characteristic of breakage-fusion-bridge (BFB)
cycles were detected in three (13%) of embryos [see also Fig. 2 in (Destouni et
al., 2016)].

In summary, haplarithmisis revealed a plethora of genomic abnormalities in
bovine cleavage-stage embryos, some of which can be missed by conventional
single-cell DNA copy-number profiling methods [see Supplementary Fig. SIA-B
in (Destouni et al., 2016)]. The data presented in Study | indicates that incidence
and nature of CIN in bovine embryos following IVF is similar to what has been
previously observed in human IVF embryos (Vanneste et al., 2009;
Mertzanidou et al., 2013; Chow et al., 2014). Hence our study proposes that
bovine cleavage-stage embryo is a valuable model for providing novel insight
into the mechanisms of CIN, including in in vivo early embryogenesis.

4.2. Spontaneous parental genome segregation
in the zygote (Study I)

As uncovered by previous studies in humans and our study in bovine, a variety
of post-zygotic events, such as mitotic non-disjunction, anaphase lagging, BFB
cycles and cellular fusions, can contribute to the generation of mosaic embryos
during early embryogenesis. Surprisingly, by using haplarithmisis that com-
bines haplotype and copy number information, we unexpectedly disclosed for
the first time that zygotes can segregate entire parental genomes into separate
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cell lineages that persist and proliferate independently during embryo post-
zygotic cleavages, providing basis for mixoploidy and/or chimaerism formation
(Fig. 14). Aberrant parental genome segregation was not only triggered by
abnormal fertilization, but was also evident in monospermic embryos. We
termed this phenomenon “heterogoneic cell division” (Greek for different
parental origin). The discovery of heterogoneic segregation adds to the remark-
able genome plasticity of mammalian cleavage-stage development and will be
discussed in the following chapters.
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Figure 14. The discovery of heterogoneic division in bovine cleavage-stage
embryos. The figure illustrates simplified genomic representation of single blastomeres
in embryos after normal and abnormal segregation of parental genomes. In normal
scenario, the first post-zygotic cleavage results in diploid daughter blastomeres carrying
both maternal (pink) and paternal (blue) genomes that give rise to biparental cells (top).
In case of dispermy-induced heterogoneic division, extra paternal genome creates a
separate androgenetic cell lineage (green) that persists over embryonic cell cycles
together with biparental blastomeres (middle). Spontaneous genome segregation can
also occur after normal fertilization, resulting in embryonic cell lineages with only
maternal or only paternal genomes that co-exist with biparental cells.

4.2.1. Heterogoneic division in abnormally fertilized embryos

As mentioned earlier, haplarithmisis revealed a number of embryos that were
burdened with genome-wide anomalies. In five embryos (5/23, 22%) an aberrant
inheritance pattern of paternal haplotypes was observed. In these embryos,
different cells presented with two different homologous recombination sites on
the paternal genome, indicating dispermic fertilization (Fig. 15). Remarkably,
none of these dispermic embryos were uniformly triploid, as one might expect,
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but rather contained cells with different numerical ploidy states and different
parental genome contributions across the blastomeres of the same embryo.
Moreover, in all dispermic embryos, one of the two paternal genomes was always
segregated into a separate androgenetic cell lineage, carrying only a set of
paternal chromosomes. An extraordinary example of genome dynamics can be
seen in dispermic embryo E16 BRPO11, consisting of three androgenetic cells
with one paternal genome, one compound androgenetic cell with two different
paternal genomes, two tetraploid cells with 3paternal:1maternal allelic ratio and
two biparental diploid blastomeres [see Supplementary Fig. SIA-B in (Destouni
et al., 2016)]. Consistent with our findings, mixoploidy and chimaerism have
also been observed in human dispermic IVF embryos (Kola et al., 1987; Munne
et al., 1994; Staessen and Van Steirteghem, 1997); however the allocation of
different genomes into distinct blastomeres has never been demonstrated before.
Although it is not surprising to see diandric triploid cells in dispermic embryos,
one embryo also contained digynic triploid cells with an additional set of
maternal alleles genome-wide [see Fig. 4 in (Destouni et al., 2016)]. The
existence of digynic cells in dispermic embryo can be a result of either non-
extrusion of the second polar body or its re-absorption back into the zygote or
blastomere. Interestingly, the same embryo’s androgenetic cells share chromo-
some abnormalities on Chr 12 (including BFB signatures), Chr 15 and Chr X
indicating that these blastomeres arose from a common progenitor.

4.2.2. Heterogoneic division in the absence of fertilization errors

Our data demonstrated that in dispermic embryos, extra set of paternal genome
was always segregated into highly proliferative androgenetic blastomere lineage.
Most intriguingly, we also encountered spontaneous genome segregation in two
embryos that showed no signs of dispermy or digyny. For instance, embryo
E19 BRPO12 represents a remarkable example that further breaks down
dogmas of cell division, by which daughter cells inherit both parental genomes.
Namely, this particular embryo contained four androgenetic, four gynogenetic
and three biparental blastomeres (Fig. 16). Mitotic errors on Chr 9, Chr 14, Chr
22 and Chr 24 were observed only in one biparental blastomere, but reciprocal
losses may potentially exist in the cell that could not be analyzed. Second embryo
E19 BRP0O05 also contained one gynogenetic, three androgenetic and two
biparental blastomeres [see Supplementary Fig. S1IA-B in (Destouni et al., 2016)].
Additional copy-number anomalies were detected on Chr 9, in which case the
maternal allele was lost in gynogenetic blastomeres and instead was detected in
androgenetic blastomeres, restoring the diploid biparental state for this chromo-
some. Similarly, androgenetic copy-number aberrations in androgenetic cells,
affecting Chr 3, Chr 5 and Chr X, had a reciprocal change in biparental cells.
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4.2.3. How can heterogoneic division occur in early embryos?

Currently, it remains unclear, how a complete parental genome can be segregated
to form distinct cell lineages. Ideally, during the zygotic division, the operating
mitotic spindle segregates chromosomes to two sister blastomeres. Tricho-
tomous division directly into three cells is frequent in diandric or digynic zygotes
with three pronuclei (3PN), carrying either an extra set of haploid paternal or
maternal chromosomes, respectively (Staessen and Van Steirteghem, 1997;
Joergensen et al., 2014). Hence, the simplest explanation for spontaneous parental
genome segregation would be the direct division of the zygote into three
blastomeres, resulting in different ploidy and genomic constitution of cells. In
somatic cells, multiple mechanisms of aberrant division patterns have been
proposed, including centrosome overduplication, which may produce super-
numerary spindle poles that lead to tripolar cellular division (Maiato and
Logarinho, 2014). Because the zygote is not an average somatic cell, but rather
a unigue entity, different zygotic stage-specific mechanism might be driving
trichotomous division. Similarly to human, the first mitotic spindle in bovine
zygotes is organized by paternally inherited centrosomes (Navara et al., 1994;
Sathananthan et al., 1996; Sathananthan, 1998); therefore the heterogoneic
divisions in case of dispermy can potentially result from an operation of two
independent astral spindles, where one spindle organizes a diploid metaphase,
and a second ectopic spindle organizes an additional haploid metaphase (Navara
et al., 1994). Such atypical metaphase plate organization, which is most likely
accompanied by karyogamy failure, would provide mechanistic basis for sepa-
ration of haploid chromosomes during the zygotic cytokinesis, leading to gene-
ration of two cells lines: androgenetic and biparental (Fig. 17B). Triploid
embryos can also potentially exclude one haploid genome from metaphase plate
and allocate extra paternal pronucleus into a distinct lineage through non-
canonical cytokinesis. This mechanism can be corroborated by the observation
of pronuclear extrusion, which was originally described as the potentially
haploid third cell-like structure, during the first cleavage of human triploid
zygotes (Kola et al., 1987; Pieters et al., 1992).

More intriguingly, heterogoneic division was not exclusive only to abnormal
fertilization events, as also monospermic embryo contained androgenetic,
gynogenetic and biparental blastomeres. Similarly to dispermic embryos, we
envision that the zygote has undergone trichotomous division, generating three
distinct cell lineages (Fig. 17C-D). This hypothesis seems to be supported by
the preliminary results of our pilot study, in which bovine IVF embryos were
time-lapse monitored and individual blastomeres, derived from abnormally
cleaved embryos, were analyzed immediately after the first post-zygotic division.
Indeed, we have encountered evidence that aberrant first cleavage underlines
spontaneous parental genome segregation (unpublished data); however the
frequency and the precise cellular and molecular mechanisms of this pheno-
menon remain unknown.
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Figure 17. Hypothetic origins of heterogoneic cell division. (A) In a normal case scenario, the zygote
undergoes post-zygotic mitotic division into two diploid sister blastomeres, each containing both maternal
and paternal genomes. (B) After dispermic fertilization, extra paternal genome gets extruded into a separate
androgenetic lineage, following pronuclear extrusion or ectopic metaphase formation. (C) Normal
fertilization, followed by parental genome segregation into distinct lineages due to (D) abnormal spindle

formations or stochastic allocation of parental genomes as a result of non-symmetric cytokinesis. [Fig. 6 in
(Destouni et al., 2016)].
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One hypothetical cause could be the development of gonomeric spindle, driven
by asymmetric k-MT dynamics between parental genome, which underlies the
emergence of blastomeres with distinct genomic content (Fig. 17D). Also, the
co-existence of barrel-shaped meiotic spindle with an ectopic astral spindle
around chromatin structures has been previously observed in so-called “silently
fertilized” oocytes (Van Blerkom et al., 2004). Hence, the heterogoneic division
of the zygote can also be a consequence of simultaneous operation of sperm
centrosome-mediated spindle together with residual meiotic spindle that was not
eliminated during oocyte-to-embryo transition. In this case, independent
coordinated activity of the two spindles can result in direct cleavage into four
mononucleated blastomeres, containing either maternal or paternal DNA (Fig.
17D). Finally, the stochastic allocation of parental nuclei to different blasto-
meres through non-canonical cytokinesis might also occur in a zygote, where
both maternal and paternal pronuclei replicate, but fail to reach karyogamy.

4.3. Characteristics of CIN in naturally-conceived
bovine embryos (Study II)

Humans are rather inefficient in reproduction and it might take time even for
healthy fertile couples to conceive a baby. It was estimated that only 30% of
natural conceptions result in live-birth and the majority of embryos are lost
already during early stages of pregnancy (Macklon et al., 2002). As mentioned
previously, embryonic aneuploidy is one of the leading factors of human
reproductive wastage, and chromosome aberrations can often be detected in
spontaneous abortion cases (Menasha et al., 2005; Levy et al., 2014). In
addition, submicroscopic terminal deletions, duplications and isochromosomes
are often detected in newborns (Riegel et al., 2001), and several cases of mosaic
individuals, exhibiting chimaerism and mixoploidy have also been well
documented (Jarvela et al., 1993; Edwards et al., 1994; van de Laar et al., 2002;
Yamazawa et al., 2010). Intriguingly, traces of triploid, diploid and haploid cell
lineages have been observed in these reported individuals. Finally, complete
hydatidiform moles of androgenetic origin have also been described in both
human (Ibrahim et al., 1989; Kwon et al., 2002; Sun et al., 2012; Obeidi et al.,
2015) and in cattle (Meinecke et al., 2002). These observations, together with
relatively low overall human fecundity, led us to investigate, whether CIN can
also be inherent to in vivo embryogenesis. As naturally conceived human
embryos are not available for research, CIN in human IVF and in vivo embryos
cannot be compared directly. Alternatively, animal models have been used to
investigate chromosomal abnormalities in in vivo preimplantation embryos
(Viuff et al., 2001; Rambags et al., 2005; Coppola et al., 2007). The major
limitation of these studies is the application of low-resolution traditional
karyotyping methods that can neither detect submicroscopic changes nor
determine the nature of genomic anomalies at a single-cell level. Hence, the
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knowledge about the stability of naturally conceived embryos remained limited,
largely due to the lack of robust genome analysis technologies.

In Study I, we have demonstrated that chromosome instability is conserved
between human and bovine cleavage-stage embryos following IVF, making
bovine a valuable animal model for studying CIN in early embryos. Equally
important, gestational period of cows is nine months and only 40-55% of dairy
cows produce an offspring after single insemination (Diskin et al., 2012).
Although aneuploidy was reported in 22% of bovine aborted foetuses and
neonates (Coates et al., 1988), this number might be an underestimate, as most
of the studies in cattle were done at late gestational period, while whole-
chromosome losses or gains are usually lethal already during the first trimester
(Schmutz et al., 1996). Therefore, we have continued our studies using bovine
as a model to investigate chromosome instability in naturally conceived
embryos. We have used the same approach, as in Study I: all single blastomeres
of embryos were isolated, genotyped using Illumina SNP-array technology and
analyzed by haplarithmisis. In parallel, as depicted in Fig. 9 (Materials and
Methods), we tested in vitro produced embryos, derived from in vitro matured
and fertilized oocytes that were retrieved from the same donor animals after
ovarian stimulation and ovum pick up (OPU-IVF embryos); and in vitro
produced embryos, derived from in vitro matured and fertilized oocytes that
were retrieved from donor animals without ovarian stimulation (IVM-IVF
embryos). After sample collection and quality control, 171 out of initially 222
isolated blastomeres (77%) were considered for further analysis and data
interpretation: 66 blastomeres from 13 IVM-IVVF embryos, 46 blastomeres from
13 OPU-IVF embryos and 59 blastomeres from 16 in vivo-derived embryos. To
date this is the first study that used single-cell approach to simultaneously
compare three different settings of embryo production and development and to
establish a comprehensive spectrum of chromosomal aberrations in single
blastomeres of in vivo-derived embryos.

4.3.1. In vitro procedures exacerbate CIN
in bovine cleavage-stage embryos

We first aimed to assess the prevalence of chromosomal abnormalities in IVM-
IVF, OPU-IVF and in vivo-derived embryos. In contrast to our initial hypo-
thesis, the number of abnormal embryos, carrying at least one blastomere with a
full or segmental chromosomal aberration, increased from 18.8% in in vivo-
derived embryos (3/16) up to 84.6% in IVM-IVF embryos (11/13) (Fig. 18A).
At the same time, this result may not have been unexpected, as it was com-
parable to the previously published work on cattle, where 7% of naturally con-
ceived embryos were chromosomally abnormal on day-2 post fertilization
(Viuff et al., 2000). However, when we looked at the chromosome segregation
patterns at a single-cell level, the difference between the three embryos groups
became even more staggering, as genomic stability of in vitro embryos was
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(E12_Cross8301, E10_Cross4770 and EO06_Cross4006), while the other three
embryos (E13_Cross8301, E08 Cross4770 and E09_Cross4770) also contained
triploid blastomeres (Fig. 19).

B Diploid BE Androgenetic B Diandric triploid

0 Failed QC @ Gynogenetic HE Digynic triploid
Bl Polyploid
VVHVE

in vivo

Number of blastomeres

Figure 19. Examples of embryos, containing blastomeres with abnormal ploidy.
The stacked bar plots depict the number of blastomeres with different genomic
anomalies per embryo. Blastomeres with normal karyotype and with single aneuploidies
and/or segmental losses or gains that have both maternal and paternal alleles present in
their genome (diploid embryos) are depicted in black [see also Fig. 3 (Tsuiko et al.,
2017)].

Intriguingly, although the genome of in vivo embryos is more stable than of
their OPU-IVF or IVM-IVF counterparts, haplarithmisis revealed one in vivo case
(E06_Cross9617), in which the zygote most likely also underwent a hetero-
goneic cell division (Fig. 19). This in vivo-derived embryo consisted of three
diandric triploid cell lines and one gynogenetic line. In addition, based on the
haplarithmisis, there was no evidence of polyspermy or meiotic errors, sug-
gesting that genome segregation occurred after monospermic fertilization and in
our case the division of the zygote into three daughter blastomeres could have
given rise to gynogenetic, biparental and androgenetic cell lines. Subsequently,
the androgenetic blastomere could have fused with the biparental one, creating a
diandric triploid that was detected during the analysis. Unfortunately, because
three out of seven blastomeres could not be analyzed, the genomic constitution
of these blastomeres remained unknown and the existence of a pure andro-
genetic lineage could not be excluded. Still, our observation does point to a
common genome segregation mechanism that operates regardless of in vitro or
in vivo environment, bypassing the developmental selection barrier and possibly
explaining the origin of human mixoploid and chimeric individuals. Neverthe-
less, together our findings suggest that even though CIN is also present in in
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vivo embryos, in vitro procedures, such as in vitro maturation, fertilization and
culture, influence the rate and nature of embryonic chromosomal abnormalities
and consequently impede embryo developmental potential.

Finally, because dispermy might influence chromosome missegregation in
embryos, we then analyzed only those embryos that developed from mono-
spermic zygotes. For this purpose, we combined monospermic IVM-IVF (n = 4)
and OPU-IVF (n = 12) embryos into a single group (referred to as in vitro) and
compared them to in vivo-derived embryos (n = 16). The CIN rates confirmed a
considerable difference between the in vitro produced and cultured embryos,
and in vivo-derived embryos (10/16, 62.5% vs 3/16, 18.8%, P = 0.03, Fisher’s
exact test; Supplementary Fig. S2 in (Tsuiko et al., 2017)). In addition, it was
clear that in vitro procedures can have a negative impact on CIN, when we
compared the low frequency of chromosomal aberrations and aberrant ploidy
states in blastomeres of in vivo-derived embryos (7/59, 11.9%) with the high
frequency chromosomal aberrations and aberrant ploidy states of in vitro
produced and cultured embryos (27/57, 47.4%, P < 0.0001, Fisher’s exact test).
This trend persisted even when we removed some of day-3 p.i. embryos to unify
our cohorts, in which case seven day-2 p.i. in vitro embryos were classified as
abnormal (7/11, 63.6%, P = 0.04), while the total number of abnormal
blastomeres in the in vitro group reached up to 45.9% [17/37, P < 0.001,
Fisher’s exact test; Supplementary Fig. S2 in (Tsuiko et al., 2017)].

4.3.2. The relevance of bovine embryo data
in the context of human IVF

Despite the progress made in clinical and laboratory ART protocols, including
embryo selection for transfer, the pregnancy rate per single IVF cycle still
lingers at around 30% worldwide (Dyer et al., 2016). The two main factors that
determine the IVF outcome are the embryonic aneuploidy and endometrial
receptivity, and here we focus on the former. Studies on early human embryo-
genesis are restricted due to ethical and legal concerns, so unavoidably researches
must rely on appropriate animal model. Of course, often data obtained from
model organisms cannot be directly translated to human and caution should be
applied when doing so, but animal models do provide a valuable insight into a
wide range of issues at the forefront of human reproductive health and medicine,
including assisted reproduction. In our case, we demonstrated that the genomic
stability of in vivo embryos is significantly higher compared to OPU-IVF and
IVM-IVF embryos. The use of bovine model revealed that CIN is present in
less than 20% of in vivo embryos compared to at least 70% in in vitro embryos,
which means in vivo-conceived embryos are most likely more viable. The major
limitation of the current work is the small number of embryos analyzed, thus
more studies are warranted to corroborate our findings. Still, the observation
that in vitro embryos are genetically compromised draws attention to the fact
that potentially adverse effect of different in vitro procedures and culture on
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early embryonic development must not be overlooked. If a negative impact of
different embryo production protocols on embryonic genome integrity was
observed in cattle, there is no guarantee that it will not be the same for human.
During preimplantation embryo culture in vitro, even minor alterations in culture
conditions and micromanipulation of oocytes and embryos may impact embryo
quality and its subsequent development (Rizos et al., 2002; Wale and Gardner,
2016). Although it was recently demonstrated that abnormal cells get depleted
during preimplantation development, there needs to be a sufficient proportion of
normal cell within the embryo to ensure its survival (Bolton et al., 2016).
Unfortunately, in vitro culture conditions can exacerbate embryonic aneuploidy
and reduce this chance of survival, in turn leading to reduced IVF success rate
per single cycle. This knowledge can be especially relevant, taking into account
that the number of women voluntarily or involuntarily delaying motherhood is
also steadily increasing, and for those women, fertility preservation and IVF
procedures are becoming a mainstream approach to achieve motherhood
(Lallemant et al., 2016). For these reasons, our results on genomic constitution
of in vitro and in vivo bovine embryos have two major implications for human
assisted reproduction: (i) directing individuals towards IVF programs should be
done cautiously, as it may compromise embryo quality and consequently bring
great deal of psychological distress to patients and (ii) improvements in the
embryo in vitro environment are likely still possible to enhance ART/IVF
success rate. Importantly, any modification to IVF culture conditions should be
closely monitored under full transparency to avoid inconclusive and/or
controversial outcomes (Chronopoulou and Harper, 2015).

This study also indirectly touches the subject of controlled ovarian stimu-
lation. In our study, donor cows underwent hormonal stimulation to increase the
number of in vivo-derived embryos via oviduct flush, so, unfortunately, these
embryos do not fully represent the natural conception. Donor cows also
received hormonal stimulation prior to OPU. Hence, both in vivo-derived and
OPU-IVF embryos were retrieved after hormonal stimulation of donor animals,
but we observed more chromosomally balanced diploid embryos and blasto-
meres in in vivo-derived embryos than in OPU-IVF embryos. This indicates that
in vitro fertilization and culture are the major causes of embryonic aneuploidy,
rather than ovarian stimulation itself. Because there is still an ongoing debate on
the potential deleterious effect of ovarian stimulation on oocyte and embryo
quality, more studies should be conducted on this matter; however based on our
data, the effect of hormonal stimulation is expected to be minor.

Finally, we contribute to understanding why 1IVM of human eggs and sub-
sequent in vitro fertilization and embryo culture are associated with low
reproductive success. When oocytes are matured in vivo, they originate from
ovulatory follicles that undergo strongly regulated processes of selection, growth
and dominance. In contrast, oocyte IVM can perturb proper nuclear (spindle
organization, chromosome segregation) and cytoplasmic maturation that is
necessary for normal fertilization and oocyte-to-embryo transition (Combelles
et al., 2002; Li et al., 2006; Nichols et al., 2010). As reviewed earlier, the oocyte
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plays a central role in maintaining genomic integrity before the major EGA
wave and first post-zygotic divisions are highly dependent on the large pool of
maternal mRNAs and proteins acquired by the oocyte during maturation. In
light of this, the inherited aberrant transcriptome has been associated with
altered first cleavages in human embryos, highlighting the importance of
maternal factors on early embryonic development (Vera-Rodriguez et al., 2015).
Therefore, in the current study, the higher rate of chromosomal abnormalities in
IVM-IVF embryos likely arises from the defective maternal resources in the
oocyte; however more research should target the precise impact of the intrinsic
quality of the oocyte on the incidence of chromosomal aberrations in cleavage-
stage embryos. We also add another note of caution with respect to the use of
human oocyte VM. Namely, in human IVM procedure, subsequent oocyte
fertilization is typically performed by ICSI, but traditional IVF (human VM-
IVF) has also been proposed as a better alternative to fertilize in vitro-matured
oocytes (Soderstrom-Anttila et al., 2005; Walls et al., 2012). However, the
IVM-IVF combination may not be beneficial for humans, because in vitro-
matured oocytes have no contact with the oviductal fluid, and thus zona
pellucida of IVM oocytes may become less resistant to dispermic fertilization
under in vitro conditions (Xia, 2013). Our results seem to corroborate this view,
as dispermic fertilization was almost exclusively found among IVM-IVF
embryos. Of course in humans, the presence of polyspermy can be detected by
checking the number of pronuclei, which is not possible in bovine zygotes
because of the dense lipid content. However, it would also likely imply that a
number of embryos will be immediately discarded and not considered for
transfer due to abnormal PN status, reducing the total number of healthy
embryos. Currently, suboptimal human IVM outcome is the main reason why
oocyte IVM is rarely used in clinical practice, but nevertheless the technology is
promising, especially for a subset of patients (e.g. PCOS or oncology patients),
and the attempts to improve IVM protocols and conditions are still ongoing.

To sum up, bovine data presented here highlights important genomic aspects,
associated with in vitro maturation, fertilization and culture, although excessive
generalization between bovine and human should be avoided. However, in the
absence of human data, ART should foremost be proposed to those couples who
have a medical indication for IVF treatment, while the use of IVF for social
reasons should be critically discussed, taking into account possible compli-
cations associated with assisted reproduction. If ART is to be an integral part of
modern society, decision making on treatment strategies should also carefully
consider all possible risks to avoid low implantation rates and/or undesired
pregnancy outcomes.

71



4.4, Blastocoel fluid as a source of DNA for PGT-A (Study Il1)

Together with improvements in IVF laboratory protocols, technological advances
in single-cell genomics also push the boundaries of PGT-M and PGT-A to
enable faster and more efficient genetic analysis. PGT-A has been implemented
into the clinics to tackle the issue of embryonic aneuploidy and to assist in the
identification of euploid embryos by analyzing their chromosome profiles prior
to transfer. Currently, different biopsy methods can be used to obtain embryonic
material for genetic analysis, including polar body biopsy of the oocyte, single
blastomere biopsy of cleavage-stage embryos and TE biopsy of blastocysts.
Polar body biopsy was shown to be the least efficient way of predicting embryo
status, as it allows screening for maternal meiotic errors only, without taking
into account paternally-derived and/or mitotic aneuploidies (Capalbo et al.,
2013; Salvaggio et al., 2014). Blastomere biopsy was long considered to be the
golden standard for obtaining embryonic DNA for PGT-A, which accounted for
about 80% of all embryo biopsy methods by the years 2012-2013 (De Rycke et
al., 2017). However, as mentioned in Chapter 2.3.2., biopsy at earlier stages
may not be a suitable approach for PGT-A, as high-degree of mosaicism at
cleavage-stage raises challenges in blastomere analysis and data interpretation;
hence, blastocyst biopsy became the more preferred option for obtaining
embryonic material for genetic analysis.

Although TE biopsy yields good clinical results, it is a rather challenging
procedure that requires skills and experience of an operator. Following TE
biopsy, embryos are cryopreserved until the results of genetic testing are
available. Normally, blastocyst artificial collapse can be performed prior to
blastocyst vitrification to protect the embryo from ice-crystal formation induced
membrane damage and improve embryo survival following cryopreservation
(Chen et al., 2005; Mukaida et al., 2006). During this step, blastocoel fluid can
be isolated from the embryo by a procedure, termed blastocentesis (Gianaroli et
al., 2014). The discovery of amplifiable DNA in the blastocoel fluid (BF-DNA)
made it an object of attention and it was proposed that BF aspiration can be
used as an alternative less invasive approach for obtaining embryonic material
for PGT-A. Although the volume of retrieved BF is relatively small, it was
successfully whole-genome amplified for aneuploidy screening using aCGH
and NGS (Palini et al., 2013; Zhang et al., 2016). Despite the promises,
preliminary investigation into BF remained limited and the potential use of BF-
DNA for PGT-A remained questionable, as few of the preliminary studies
showed contradictive results regarding aneuploidy detection rates and karyo-
typic concordance between BF and different biopsied material derived from the
same embryo. So far, only one group was able to achieve high concordance rate,
when comparing genomic profiles of BF with TE cells, polar bodies and
blastomeres (Gianaroli et al., 2014; Magli et al., 2016). Contrary to this, in other
reports the discordance in karyotypes reached up to 50% between BF and TE
biopsy or the rest of whole embryo (Perloe, 2013; Poli et al., 2013; Tobler et al.,
2015). However, previously published studies used aCGH to compare the
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consistency of diagnosis between BF-DNA and TE biopsies or the rest of the
whole embryo, so they were not able to investigate the occurrence of embryonic
mosaicism, which is currently a prominent topic in PGT-A. Therefore, because
of the inconsistent results and lack of data on blastocyst-stage mosaicism,
additional studies were warranted to investigate the potential use of BF-DNA
for diagnostic purposes. Because the scientific world is slowly moving towards
NGS, and clinical diagnostic laboratories are no exception, in Study 111 we have
applied the most widely used commercial NGS-based platform for PGT-A —
VeriSeg™ PGS (lllumina Inc.) — to simultaneously investigate molecular
karyotypes of three different embryonic compartments (BF, TE and ICM)
derived from a single blastocyst. The Veriseq™ platform is reported to reach to
at least 25 million raw clusters, out of which more than 70% are mapped to the
genome. With subsequent filtering, approximately 600,000-900,000 reads are
then used for copy-number calling and the amount of filtered reads is sufficient
enough to detect mosaic aneuploidies in a biopsied sample with a resolution of
20-80% (product description was obtained from Illumina Inc). Hence, our study
design had two advantages over previously published reports: (i) the use of
high-resolution NGS method with improved sensitivity enabled the detection of
mosaic chromosomal rearrangements and (ii) the analysis of three different
embryonic compartments allowed to investigate, to which extent do genomic
profiles of BF, TE and ICM reflect each other at the blastocyst stage, and to
evaluate the feasibility of blastocentesis for clinical practice.

4.4.1. Proof-of-principle experiments and embryo analysis using NGS

Before analyzing embryos, we first wanted to check, whether we would be able
to achieve the same mosaicism detection sensitivity for NGS, as was reported
recently (Goodrich et al., 2016; Fragouli et al., 2017). To do that, we first
performed mixing experiments to mimic possible mosaic aneuploidies observed
in embryos, by previously described approaches (Fragouli et al., 2017; Goodrich
et al., 2017). Briefly, we obtained fibroblast cell lines with known karyotypes
from the NIGMS Human Genetic Cell Repository at the Coriell Institute of
Medical Research (USA). Aneuploid cell lines included trisomy 13 (47,XY,+13;
GMO02948), trisomy 18 (47,XY,+18; GM01359) and trisomy 21 (47,XX,+21;
GMO04616). The proportion of X-chromosome was evaluated by mixing XX cell
lines with XY. Following culture, individual euploid and aneuploid cells were
isolated and combined in different ratios, creating a mixture of six cells with
different proportion of abnormal alleles of interest (0%, 17%, 33%, 50%, 66%
83% and 100%). Proof-of-principle experiments were performed in three repli-
cates, each time creating new cell mixtures. Subsequently, cell mixtures were
whole-genome amplified and analyzed via NGS. Internal validation of our
mixing experiments successfully distinguished mosaic losses and gains that are
present in at least 20% of cells (Fig. 20), which is concordant to recent
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>80% were considered as aneuploid embryos with full chromosome losses or
gains, while all the aneuploidies in the range of 20-80% were classified as
mosaic. Using these guidelines, aneuploidy screening was performed, with the
results summarized in Table 2.

Next, we compared the karyotypes of various biopsy types taken from the
same embryo and have classified our results as was performed previously
(Magli et al., 2016): (1) full concordance was reported, when the same
chromosomes were affected in biopsied samples (including mosaic and/or
reciprocal losses and gains); (2) partial concordance was reported, when at least
one chromosome corresponded in both biopsies under comparison, but the
overall genomic profile did not completely match; and (3) discordance was
reported, when none of the affected chromosomes in one biopsy corresponded
to other biopsies. Based on the karyotype, a full chromosome concordance
between the three embryonic compartments was observed only in four embryos,
of which three were uniformly euploid and one had a reciprocal mosaic
aneuploidy (Embryo 1; Table 2). The reciprocal nature of chromosomal
aberrations indicates that the (mosaic) aneuploidies in the blastocoel DNA are
not technical artifacts, but rather true biological findings. Similarly, two
embryos had a monosomy, affecting the same chromosome in all three
embryonic biopsies, highlighting the meiotic origin of these aneuploidies (Chr
13 and Chr 7 in Embryo 2 and Embryo 5, respectively; Table 2). We have also
detected a potentially polyploid embryo with a partially concordant chaotic
chromosome profile, characterized by multiple reciprocal losses and gains in all
three embryo compartments [see Fig. 2A in (Tsuiko et al., 2018)]. Chaotic
genome could be a consequence of chromosome missegregations during first
post-zygotic cleavages that accumulated throughout the preimplantation
development, resulting in a likely unviable embryo. The reciprocal mosaic
aberrations suggest that mitotic errors most likely occurred as a result of
chromosome non-disjunction, thus corroborating that the DNA obtained from
blastocoel cavity was of embryonic origin. At the same time, two embryos
showed multiple aneuploidies in the BF-DNA only, while the corresponding TE
and ICM had a euploid karyotype [Embryo 4, and Embryo 7 in Table 2; see also
Fig. 2B in (Tsuiko et al., 2018)].
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Because of the major differences in the genomic constitution between biopsies,
it comes as no surprise that the overall number of affected pairs of chromo-
somes (22 pairs of autosomes and one pair of sex chromosomes), including the
potentially polyploid biopsies, was higher in ten BF samples (79/230), com-
pared to corresponding TE (34/230) or ICM biopsies (26/230) (both P<0.0001,
Chi-Square test), while no such difference was observed between the available
14 ICM (27/322) and TE biopsies (35/322) (P = ns). Hence, BF-DNA karyo-
type reached full concordance between either ICM or TE only in 40.0% (4/10)
of the embryos. In contrast, full concordance between ICM and TE was
observed in 85.7% (12/14) of the embryos, making TE more representative of
embryonic chromosomal status than BF (P<0.03). The results of our study are
similar to previously published report, demonstrating 48% concordance rate
between BF and ICM-TE (Tobler et al., 2015), but it also drastically contrasts
with the high concordance rates achieved by another group (Gianaroli et al.,
2014; Magli et al., 2016). Such contradictory outcome may be explained by
different types of material analyzed and in our case also by a different
technological approach. The genomic profile of blastocysts may include
mosaicism that can be missed by aCGH, which is able to detect only high-
degree mosaicism, when >50% of cells are aneuploid (Mamas et al., 2012).
Here, by using NGS method with improved resolution and sensitivity we were
also able to determine embryos carrying 20-40% of abnormal cells.

4.4.2. Biological and technical challenges associated
with BF-DNA analysis

Blastocyst culture has become a milestone in ART and is now widely used for
selection of viable embryos for transfer. Steadily, day 5 biopsy is also becoming
the preferred option for obtaining embryonic cells for genetic analysis,
especially for aneuploidy screening. Apart from the impact of mosaicism on
embryo development and implantation potential, another major questions still
lingers in the air: how well does the genomic profile of blastocyst
trophectoderm layer represent the inner cell mass? The design of our study
enabled us to explore that question in greater detail, also taking into account the
mosaic nature of the blastocyst stage. As a major outcome, our data indicates
that results obtained from BF-DNA may not be comparable to those obtained
via standard TE biopsies, because BF-DNA does not adequately predict the
status of the rest of the embryo, while TE is quite representative of ICM and no
evidence of preferential allocation of aneuploid cells to trophectoderm was
observed. Of course, a note of caution should be applied here, because unlike in
clinical practice, where only a small number of cells are analyzed, we have
screened the whole TE population. Although the impact of BF sampling seems
less invasive, functional studies on the effect of BF biopsy on embryo viability
may be warranted, as blastocoel may contain proteins crucial for embryonic
development (Poli et al., 2015). Thus, contrary to some views that blastocoel
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biopsy can be a plausible alternative for PGT-A, we argue that blastocentesis as
a single source of DNA for PGT-A can potentially lead to an increased rate of
false positive findings, at least using current methods and protocols. For the
clinic and patients it would mean that a viable embryo with euploid genome can
be discarded based only on the results of BF-DNA karyotype analysis, making
it diagnostically unacceptable. One must not forget that PGT-A is also a perfect
example, where biology compromises technological breakthroughs. The
presence of embryonic DNA in BF suggests that potential mechanisms might
exist, by which the genetic material is released into the blastocoel cavity, like
cell lysis, apoptosis and/or elimination of cellular debris (Hammond et al.,
2016). The intact ICM karyotype in the presence of aneuploidy in BF-DNA in
some of the embryos also seems to support the idea that aneuploid cells are
progressively depleted from the developing embryo through apoptosis, ensuring
the genomic integrity of the future foetus (Bolton et al., 2016). This biological
phenomenon might also partially explain the high concordance rate previously
observed between BF-DNA and blastomeres (Magli et al., 2016), as aberrant
cells may be marginalized into the blastocoel cavity at later stages of
development, releasing their genetic material that is later picked up again during
BF analysis. DNA in blastocoel fluid might also be prone to fragmentation/
degradation and combination of these factors results in chaotic chromosome
profiles of BF samples. In turn, this would also have a direct clinical
consequence, because when evaluating BF-DNA, one might look at the
genomes of cells that were discarded by the embryo, without knowing the real
status of ICM. However, given the remarkable genomic plasticity of early
embryogenesis, the true origin of genetic material in blastocoel cavity awaits
elucidation and advanced genome-wide haplotyping technologies might shed
some light on this matter. Taken together, the biology behind BF-DNA data
interpretation must be adequately elucidated before implementing it as a
diagnostic tool in everyday clinical practice.

In addition to biological challenges, technical limitations can also prevent
the use blastocentesis as a first choice biopsy method. Any micromanipulations
during BF aspiration can also potentially alter the downstream applications, and
in our case aspiration of BF after embryo vitrification and thawing might have
potentially interfered with obtaining good quality data. Still, it is important to
note that blastocoel fluid contains cell-free DNA with similar profile of
fragmented cell-free DNA found in human plasma (Zhang et al., 2016), the
quantity and quality of which may also vary from embryo to embryo. It is well
established that low amount of good quality DNA may be prone to uneven
amplification and allele drop-out (Huang et al., 2015) and subsequent library
preparation methods and technical artifacts can result in an altered
representation of the genome that will reduce the reliability of chromosome
analysis (Goodrich et al., 2016). The overall increased noise ratio can also inter-
fere with low-grade mosaicism evaluation. In the end, the diagnostic accuracy
will suffer and the use of BF-DNA as a source of DNA for embryo screening
might become restricted (at least using current methods and protocols). Notably,
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our data indicates that TE and ICM genomic profiles showed either lower level
of mosaicism or absent aneuploidy, compared to corresponding BF-DNA
profiles, so one might argue that from the clinical and diagnostic point of view
the use of insensitive to mosaicism aCGH platform (that detects only >50%
mosaicism) might seem like a more suitable approach for the analysis of BF-
DNA, because the potentially biologically irrelevant low-grade mosaicism in
BF would not be detected. On the other hand, embryos with normal TE and
ICM karyotype also showed high-grade mosaic aneuploidies in BF that would
likely be interpreted as true finding using aCGH, leading to misdiagnosis. Such
discordance was also reported previously (Perloe, 2013; Poli et al., 2013; Tobler
et al., 2015) and taking into account BF-DNA features, none of the methods
seem to have any major advantages or disadvantages. In contrast, because
karyotype concordance were much higher in TE and ICM cells, it seems that
chromosome analysis of TE biopsy remains a more optimal and effective way
for predicting the karyotype of an embryo. However, more comprehensive
studies on embryonic mosaicism are warranted that would help refine the
criteria for embryo selection for transfer without compromising the treatment
success rate by excluding mosaic embryo capable of forming viable
pregnancies.

4.5. Future perspectives

Over the last decade single-cell technologies paved way to many breakthrough
discoveries in the field of reproductive genetics, but as it goes in science,
providing an answer to one question only leads to more questions. Because
embryonic aneuploidy is not restricted only to human, but can exist also in other
mammalian species, in our Study | we first aimed to understand the prevalence
of chromosomal imbalances in cattle and to compare it to human. Although
chromosomal instability is common in both human and bovine in vitro
cleavage-stage embryos, as demonstrated by the results, cellular and molecular
mechanisms driving this error-prone stage of development are still poorly
described. The fact that aberrant cells can persist as far as blastocyst stage
suggests that embryos may possess unique cellular regulatory mechanisms that
make them more vulnerable to chromosome segregation errors. First, studies on
mouse and porcine embryos suggest that DNA damage checkpoint and repair
may be insufficient in embryos prior to EGA due to limited ATM Kkinase
activity, which is the major upstream mediator of the DNA damage response
and repair pathway (Adiga et al., 2007; Wang et al., 2015). The loss of ATM
activity in early mouse embryos and embryonic stem cells compromises
phosphorylation of downstream targets necessary for the repair of DNA double-
strand breaks, consequently leading to proliferation defects and genomic
instability due to chromatid breaks (Yamamoto et al., 2012). Second, upon
massive DNA damage somatic cells triggers apoptosis to eliminate the damaged
cells, however functional apoptotic pathways seem to be suppressed in early
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human and bovine cleavage-stage embryos to facilitate embryo survival until
later stages of development (Fear and Hansen, 2011; Bazrgar et al., 2014).
Finally, embryonic cell cycle checkpoints and regulators may be more
permissive to chromosome missegregations, allowing rapid cleavage divisions.
Indeed, some of the essential G1 and G2 cell checkpoint proteins, like RB and
WEEL, are silenced in 8-cell human embryos and are only activated at later
stages of development (Kiessling et al., 2009; Kiessling, 2010; Kiessling et al.,
2010). Taken together, these observations suggest that, unlike somatic cells,
blastomeres with damaged or incompletely replicated DNA and/or improper
chromosome alignment can still proceed to mitosis, bypass SAC-mediated
arrest and apoptosis, and continue cell division, leading to increased rates of
chromosomal aberrations and aneuploidy upon post-zygotic divisions.
Intriguingly, late embryonic genome activation may trigger apoptotic response
in the embryo to eliminate aneuploid cells from further development, so even
mosaic embryos can still result in live birth, challenging the hypothesis that
aneuploid embryos are developmentally incompetent. In turn, this raises
important questions regarding the burden and nature of genomic imbalances that
can be tolerated by the embryo without compromising its survival. With this in
mind, further research also needs to address the putative role of CIN in
subsequent post-implantation and prenatal development to understand, which
genomic anomalies can be compatible with normal foetal development.

As a major breakthrough of Study I, we have incidentally discovered that
zygotes can spontaneously segregate entire parental genomes to distinct cellular
lineages, following first cytokinesis. The discovery of this phenomenon, termed
heterogoneic division, was possible due to the use of a novel computational
method, enabling concurrent genome-wide haplotyping and copy number
profiling of single-cells. Importantly, heterogoneic cell lineages were observed
not only in dispermic embryos, but such event can also spontaneously arise
from normally fertilized zygotes. These findings provide novel conceptual
framework for the emergence of embryonic mixoploidy that may also poten-
tially underlie the pathogenesis of gestational trophoblast diseases (GTD) — rare
pregnancy-related disorders, characterized by the abnormal tissue growth inside
a woman’s uterus. For example, complete hydatidiform moles (CHMs) of
androgenetic origin is the most common form of GTD that occurs in human in
about 1 in every 1500 pregnancies (Moein-Vaziri et al., 2018). In human CHMs,
the foetus and amniotic membranes are usually absent and the product of
conception resembles a grape-like structure that can become invasive, deve-
loping into malignant trophoblastic cancer, known as choriocarcinoma. CHMs
have also been reported in bovine with tissue structures similar to human, but
the exact aetiology of bovine hydatidiform moles is unclear (Meinecke et al.,
2002; Morris et al., 2008). The current dogma states that the origin of CHMs
comes from fertilization of an anuclear egg by a haploid sperm with subsequent
endoreplication (Jacobs et al., 1980). Another hypothesis states that CHMs are a
result of premature independent mitotic division of a male haploid pronucleus
with subsequent fusion (diploidization) of these two post-mitotic products and
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disappearance of the egg pronucleus (Golubovsky, 2003). It is not clear why
and how the female pronucleus would be eliminated. Hence, the observed
persistence and independent proliferation of distinct androgenetic and gyno-
genetic cell lineages in our study may provide a novel and more plausible
mechanistic basis for the formation of some types of GTDs. Due to high
proliferative capacity, these distinct cell lineages can outgrow other blastomeres
and upon implantation such embryo can potentially give rise to abnormal
pregnancy formation. However, the frequency of this phenomenon, as well as
fate of mixoploid embryos remains to be investigated. In addition, the existence
of heterogoneic cell division in zygotes prompts an investigation into the regu-
latory mechanisms of cell divisions during preimplantation embryo develop-
ment. Different pathways have been proposed recently, as to how and why the
symmetric propagation of parental genomes during embryonic development
would get perturbed, and these hypothesis include the formation of a gonomeric
spindle driven by asymmetric k-MT dynamics between parental genomes and
asynchronous parental cell cycles in the zygote, driving the nucleation of
parental-specific “private” spindles (Destouni and Vermeesch, 2017). Recently,
an elegant microscopy study in mice has demonstrated that during the first post-
zygotic division, male and female chromosomes are assembled on separate
mitotic spindles, challenging the old model of nuclear envelope breakdown
(Reichmann et al., 2018). Hence, failure to properly align two zygotic spindles
would provide a mechanistic basis for parental genome segregation. Further
fundamental research in the field of cellular biology combined with confocal
live-cell imaging technologies will greatly contribute to our understanding of
zygotic chromatin, kinetochore and spindle dynamics that underlie successful
maternal-to-zygotic transition.

Because maternal factors regulate first zygotic and post-zygotic processes, it
is important to expand our knowledge on molecular mechanisms of oocyte
nuclear and cytoplasmic maturation and determine factors that influence oocyte
competence. In human IVF, it is relatively hard to acquire oocytes for research.
Instead, easily accessible granulosa/cumulus cells can shed some light on the
biology of the oocyte, because they shape its intrinsic parameters during
oogenesis, therefore they can potentially reflect the characteristics of the oocyte
and future embryo. Indeed, altered gene expression in granulosa cells was asso-
ciated with oocyte aneuploidy (Fragouli et al., 2012), so it was hypothesized
that impaired somatic cell function and altered follicular microenvironment can
lead to reduced oocyte and embryo quality. Transcriptome profiling of cumulus
and granulosa cells has also been investigated as a novel non-invasive approach
to evaluate oocyte and embryo quality (Uyar et al., 2013), but the practicality of
this type of testing was questioned recently (Green et al., 2018). Still, the
information on how cumulus cells determine or reflect oocyte and embryo
quality is scarce and detailed characterization of molecular transcriptome
profiles of cumulus cells in relation to oocyte and embryonic aneuploidy awaits
further investigation. From translational point of view, oocyte and granulosa/
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cumulus cells-targeted research might potentially be quite beneficial in the
development of IVM protocols.

In light of our research, it is also important to understand how in vitro
conditions influence oocytes and early embryo development. Ultimately, I\VF
embryos must survive a rough artificial environment very different to that in
natural reproduction. In our Study Il, we compared the genomic architecture of
in vivo and in vitro bovine embryos and we have demonstrated the negative
impact of in vitro conditions on genomic stability of early bovine embryos.
Another profound aspect of IVF that deserves further investigation is the
potential influence of in vitro culture systems on embryonic epigenome. During
early embryogenesis major epigenetic reprogramming takes place that is
essential for proper embryo development, but this process can be vulnerable to
in vitro techniques and culture environment. These effects have mostly been
studied in bovine, where calves born from in vitro produced embryos often
exhibit increased birth weight, known as large offspring syndrome, which is
similar to Beckwith-Wiedemann syndrome in human (Chen et al., 2015; Sirard,
2017). Altered phenotype observed in these calves was likely the result of
failure to properly establish or maintain DNA methylation levels in early
embryogenesis. The regulation of embryonic epigenome may also pose safety
concerns regarding IVF, because of the worry that it might have detrimental
long-term health consequences in IVF newborns (Pinborg et al., 2015; Ventura-
Junca et al., 2015; Jiang et al., 2017). In the future, the upcoming sophisticated
single-cell multiomics approaches, which allow screening both the (epi)genome
and transcriptome of a single cell, can fill in the missing gaps on the regulation
of preimplantation development and pinpoint to essential biological pathways,
dysfunction of which can also predispose the embryo to aneuploidy. In addition,
with the translation of the uterine lavage technique (which has been used in
cattle for over 40 years) to human (Pagidas et al., 2014), the ability to analyse
naturally conceived human embryos will soon become a reality. The obtained
knowledge on the molecular control of oocyte maturation that determines
subsequent embryonic developmental potential, as well as IVF factors that
compromise embryonic survival will help to refine and improve assisted
reproductive technologies and in vitro culture conditions in human.

Finally, nowadays, numerous attempts are made to find the best way to
predict embryo aneuploidy, including blastocoel fluid biopsy and evaluation of
embryo spent culture medium. In Study Ill, we have analysed the genomic
profiles of blastocoel fluid and showed that BF-DNA demonstrated low con-
cordance rates with TE and ICM of an embryo. This result is in line with some
of the previously published reports, suggesting that due to dynamic nature of
early embryogenesis, indirect embryo testing, in which the embryonic genome
is not analyzed directly from the embryonic cells, is not yet a reliable approach
for diagnostic purposes. Notably, in recent years, the increasingly popular PGT-
A has created a predominant view that only genetically normal embryos are
required to attain pregnancy. However, we can also look at CIN from a different
angle that completely differs from the black-and-white clinical perspective: the
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evolutionary angle. Chromosomal mutations may, albeit rarely, provide
unexpected evolutionary advantage to an organism [reviewed in (Carbone and
Chavez, 2015)]. Intriguingly, many inversions, translocations and centric
fissions, which drive genome evolution, can already take their origin during
cleavage-stage of development. Although the elevated levels of genomic
aberrations in oocytes and IVF embryos are most likely a by-product of adverse
in vitro conditions and manipulations, both in vitro and in vivo embryo genome
dynamics can underlie mosaicism, chimerism and mixoploidy in live-born
individuals. Hence, one might speculate that chromosomal rearrangements in
natural conception may also potentially drive the evolution by speciation (e.g.
the formation of new and distinct species in the course of evolution), as
extensive chromosomal rearrangements distinguish the karyotype of more
distant relatives. In addition, transposable elements, activation of which can
occur already during preimplantation development (Gerdes et al., 2016), are at
the core of genetic transformation, establishing novel transcriptional and species-
specific gene regulatory network by disrupting genome integrity (Chuong et al.,
2017). Unfortunately, the full extent of aneuploidy and CIN in human oocytes
and embryos in natural conception is not currently known. Nevertheless, the
possible elevated rate of CIN in human early reproduction and its potential role
in genome evolution itself may potentially be an intriguing topic for
evolutionary biologists that awaits to be discussed, at least at a theoretical level.
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CONCLUSIONS

The uprising era of single-cell research has expanded our knowledge on early
embryogenesis, highlighting the alarming fact that cleavage-stage embryos have
high prevalence of chromosomal instability (CIN), which represents one of the
most serious challenges in IVF. The current thesis addresses the topic of CIN in
early embryos, focusing on important fundamental and translational questions:

1. Embryo-related research is ethically one of the most complex areas of
reproductive science that greatly relies on the use of appropriate animal models,
so the first aim of the thesis was to investigate the genomic profile of bovine in
vitro cleavage-stage embryos. By using novel single-cell genomics approaches,
the current thesis demonstrates that the nature and frequency of genomic
abnormalities in in vitro cleavage-stage embryos is highly conserved between
cattle and human, making bovine embryo a suitable model for elucidating the
origins and molecular mechanisms of CIN in early preimplantation develop-
ment.

2. The second aim of the thesis was to evaluate the nature and prevalence of
CIN in naturally conceived embryos, in comparison to in vitro embryos. By
using the established bovine model the current thesis demonstrates that oocyte/
embryo micromanipulations and in vitro culture exacerbate CIN in early
cleavage-stage bovine embryos, compromising their survival rate. If this is the
same for human, then in vitro environment can greatly reduce the number of
viable embryos for transfer. In turn, this should encourage scientific and medical
communities not only to refine and improve in vitro culture conditions, but also
raise awareness on fertility issues among men and women of reproductive age.

3. Based on the unexpected results of bovine single blastomere analysis, the
current thesis also demonstrates that zygotes can segregate entire parental
genomes into separate blastomeres, creating androgenetic and gynogenetic cell
lineages. Intriguingly, it seems that in vivo embryos may also undergo hetero-
goneic division, suggesting that parental genome segregation can happen
regardless of in vitro or in vivo environment. This observation opens up new
horizons into investigating the mechanistic origin of mixoploidy and
chimaerism in humans.

4. The final third aim of the study was to investigate the utility of blastocoel
fluid analysis for preimplantation genetic testing for aneuploidy (PGT-A). The
use of blastocoel fluid biopsy, or blastocentesis, for PGT-A has gained much
controversial attention. The data presented in the current thesis demonstrates
that DNA from blastocoel fluid can be successfully amplified and sequenced,
but due to biological and technical challenges, as well as increased discordance
rate between inner cell mass and trophectoderm, blastocentesis is not suitable
for diagnostic purposes, at least using current protocols and methods. Therefore,
trophectoderm biopsy remains the safest option with the most reliable results for
comprehensive chromosome screening.
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In summary, the current thesis raises scientific excellence and brings new and
unique knowledge on genomic instability in mammalian embryos. The novel
insight obtained here opens up new conceptual frameworks to study important
questions on the origin and fate of embryonic CIN. The data demonstrated here
is also critical for reproductive medicine and raises the need to revise IVF as we
know it. However, one must always remember that although the use of animal
models is sometimes inevitable due to ethical reasons, caution must be applied
when extrapolating animal data to humans.
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SUMMARY IN ESTONIAN

Kromosomaalne ebastabiilsus imetajate varajastes embriiotes

Viljatus on kogu maailmas Kiiresti kasvavaks probleemiks ning iga kuues paar
seisab silmitsi olukorraga, et soovitud rasedust ei teki. Esmastinnitajate kesk-
mine vanus kasvab samuti, kuid naise vananedes tema viljakus langeb ning see-
tottu poordub tdnapéeval aina rohkem paare viljatusravi poole, et leida oma
probleemile lahendus. Kehavéline viljastamine (in vitro fertilization, IVF), mille
korral toimub munarakkude viljastamine ning embriiote areng katseklaasis, on
maailmas k&ige sagedamini kasutatav lastetusravi meetod. IVF protseduuri
tulemusena stinnib Eestis rohkem kui 600 last aastas, mis moodustab 4-5%
kdikidest vastsundinutest. Samas annab IVF ravi erakordse vdimaluse ana-
lulsida inimese varajase embriio arengut valjaspool naise organismi. Viimastel
aastatel on Uksikraku tehnoloogiate areng laiendanud meie teadmisi varajase
embriogeneesi osas. Embriiote Uksikute blastomeeride genoomi uuringud on
naidanud, et varajaste embriiote tdhelepanuvaarseks isedrasuseks on véga sage-
dased kromosomaalsed aberratsioonid, mis v@ivad esineda kuni 80% emb-
riotes. Paraku on embriio aneuploidsus kdige suurem valjakutse IVF ravil, sest
see on Uks peamisi raseduse varajase katkemise (kuni 75%) ja IVF ebadGnnestu-
mise pdhjuseid. See on ajendanud teadlasi uurima nii embriio kromosoomide
aberratsioonide tekkemehhanisme, kui ka nende esinemissagedust mdjutavaid
faktoreid. Paralleelselt sellele on hakanud mérgatavalt parenema ka embriio
diagnostilised meetodid, mis aitavad hinnata I\VF protseduuril saadud embriiote
eluvBimelisust, tuvastada parilikke haigusi p&hjustavaid geenialleele ja kromo-
soomi muutusi embriiotes ning vdimaldavad selekteerida geneetiliselt ,.terveid
embriioid emakasse siirdamiseks. Kéesoleva doktoritéd eesmargiks oli kaas-
aegseid Uksikraku genoomi tehnoloogiaid kasutades uurida embriiote genoomi
ebastabiilsust, keskendudes olulistele fundamentaalsetele ja rakenduslikele
kiisimustele:

1. Embriiotega seotud teadustdd on véga piiratud eetiliste pOhjuste tdttu,
seega sOltuvad inimese embriiote uuringud suurel méaaral sobivatest loom-
mudelitest. Kasutades uudset Uksikraku kogu-genoomi analuiisi metoodikat,
naidati antud doktoritdds, et ka veise IVF embriiotes esinevad vaga sagedased
kromosomaalsed aberratsioonid, mille tulemusena on suurem osa varajasi
embrioid mosaiiksed. Seega on veis hea mudel inimese embriiogeneesi uuri-
miseks ning genoomi ebastabiilsuse paritolu selgitamiseks varajases preimplan-
tatsioonilises arengufaasis.

2. Bioloogia fundamentaalne dogma (tleb, et raku jagunemisel saavad mdle-
mad titarrakud kaks genoomi koopiat: tks périneb isalt ja Uks emalt. Kées-
olevas doktoritdéds naidati embriio genoomi erakordset plastilisust, mis llikkab
antud dogma Umber. Nimelt avastati genoomi ebastabiilsuse uuringute kaigus,
et embriio on vbimeline segregeerima ema- ja isapoolse genoomi eraldi raku-
liinidesse. Selline unikaalne nahtus avastati tanu kogu-genoomi DNA analliusi
metoodikale, mis v8imaldab samaaegselt maarata nii haplotiiiipe, kui koopia-
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arvu muutusi Uksikutes rakkudes. Tuvastatud heterogoneeiline (heterogoneic,
kreeka keeles ,erinev vanemate paritolu“) stigoodi jagunemine avab uusi
teadussuundi, et uurida varajaste preimplantatsiooni embriiote raku jagunemise
regulatoorseid mehhanisme. Samuti vGib heterogoneeiline siigoodi jagunemine
olla aluseks eriploidsuse (mixoploidy) ja kimaéaride tekkele, kuid selle n&htuse
esinemissagedus on hetkel teadmata.

3. Kromosoomide aneuploidsus on iseloomulik inimese IVF embriotele,
kuid arvatakse, et kromosomaalne ebastabiilsus ei piirdu ainult in vitro
embriiotega vaid esineb ka in vivo embriotes. Sellist hiipoteesi toetab ka
asjaolu, et embriote aneuploidsus on peamine raseduse varajase katkemise
pohjus. Lisaks sellele on kirjanduses avaldatud andmeid harva esinevate
juhtumite kohta, kus indiviidil on tuvastatud eriploidne ja/vdi mosaiikne kartio-
tup. Kasutades veise loommudelit, ndidati k&esolevas doktoritdds, et kromo-
somaalne ebastabiilsus eksisteerib samuti loomulikul teel saadud embriotes
ning ka in vivo embriiod vbivad segregeeruda vanemata genoomi, mis viitab
sellele, et see protsess toimub sdltumata in vivo vdi in vitro keskkonnast.
Heterogoneeiline jagunemine in vivo embriiotes vOib seletada eriploidsuse
esinemist looduses. Samas suurendab munarakkude ja embriiote in vitro mani-
puleerimine kromosomaalse ebastabiilsuse sagedust veise varajastes embriiotes,
véhendades nende elujoulisust. Kui sama trend kehtib ka inimese embriote
puhul, tdhendab see, et in vitro keskkond vdib drastiliselt kahandada ,.tervete*
embriote arvu emakasse siirdamiseks, sest embriiod peavad ellu jdédma karmis
kunstlikus keskkonnas, mis erineb suurel maaral loomulikest tingimustest.
Omakorda peaks see julgustama teadus- ja meditsiinikogukonda mitte ainult
parandama in vitro kultuuri tingimusi, vaid ka téstma reproduktiivses eas
olevate inimeste teadlikkust viljakuse ja IVF ravi osas.

4. Téanapdeval kasutatakse preimplantatiivses embriio sGeluuringus (PGT-A)
kas kolmanda péeva biopsiat (analiiisitakse Uhte embriio rakku) vdi viienda
péeva biopsiat (analliisitakse 5-6 rakku). Viimasel ajal on aga hakatud po6rama
suuremat tahelepanu ka blastotsodli vedeliku (blastotslsti sees olev vedelik)
analudsile, kuid selle analtiusi tulemused on olnud seni vastuolulised. Ké&esoleva
doktorit66 raames anallilsiti viienda paeva embrioid, millest oli eraldatud kolm
erinevat blastotsiisti osa: sisemine rakumass (inner cell mass, ICM), trofekto-
dermi rakud ning blastotsédli vedelik. Tulemuste analliusil selgus, et blasto-
tsooli vedelik ei peegelda alati kromosoomide olukorda ICM-s voi trofekto-
dermi rakkudes ning seda meetodit ei saa hetkel kasutada embriiote kromo-
soomide analisis.

Kokkuvdttes annab kéesolev doktoritdé uut ja praktilist informatsiooni emb-
riiote genoomi ebastabiilsuse kohta. Antud t6d pistitab samuti olulisi kiisimusi
embriio arengut mdjutavate molekulaarsete faktorite kohta, mis vdarivad
edaspidist uurimist ja tahelepanu. Antud teadmisi saab tulevikus rakendada
reproduktiivmeditsiinis, mis on paljudele peredele ainukeseks v@imaluseks
saada jarglasi.
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