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Abstract:

The vast majority of human embryos are aneuploid. Aneuploidy frequently arises during
the early mitotic divisions of the embryo, but the origin of this remains elusive. Using
bovine embryos as a model for human embryos, we identify an error-prone mechanism of
parental genome unification which often results in aneuploidy. Surprisingly, genome
unification initiates hours before breakdown of the two pronuclei that encapsulate the
parental genomes. While still within intact pronuclei, the parental genomes polarize
towards each other, in a process driven by centrosomes, dynein, and microtubules. The
maternal and paternal chromosomes eventually cluster at the pronuclear interface, in
direct proximity to each other. Parental genome clustering often fails however, leading to
massive chromosome segregation errors, incompatible with healthy embryo development.
Nucleoli, which associate with chromatin, also cluster at the pronuclear interface in human
zygotes. Defects in nucleolar clustering correlate with failure in human embryo

development, suggesting a conserved mechanism.
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Introduction

Around 50-70% of human cleavage embryos are aneuploid — they carry an incorrect
number of chromosomes (McCoy et al., 2015b; van Echten-Arends et al., 2011; Vanneste
et al., 2009; Vera-Rodriguez et al., 2015). Most aneuploid embryos do not develop to term,
making aneuploidy in embryos a leading cause of miscarriages and infertility (Benkhalifa
et al., 2005; Fritz et al., 2001). Consistent with high aneuploidy rates in human embryos,
only half of the embryos generated in vitro develop to the blastocyst stage (Ottolini et al.,
2017), and only 30% of natural conceptions result in a live birth (Macklon et al., 2002). It
is estimated that 10-20% of embryonic aneuploidy arises from chromosome segregation
errors during the meiotic divisions of the egg (Lee and Kiessling, 2017; McCoy, 2017;
McCoy et al., 2015b). The majority however is thought to arise during the mitotic divisions
of the embryo (Lee and Kiessling, 2017; McCoy et al., 2015b). Mitotic errors have been
linked to abnormal division events during early embryo development (Kort et al., 2016;
Lee and Kiessling, 2017; McCoy, 2017). However, chromosome segregation has not yet
been followed in live human embryos, and the cellular origin of mitotic aneuploidy remains

unclear.

Chromosome segregation has been studied in early mouse embryos (Courtois et al.,
2012; Mashiko et al., 2020; Reichmann et al., 2018). However, mouse embryos differ from
human and other mammalian embryos in several crucial aspects: they have lower
aneuploidy rates (Lee and Kiessling, 2017; Lightfoot et al., 2006), and the timing of their
embryonic divisions (Niakan et al., 2012) and mechanism of developmental
reprogramming are different (Fogarty et al., 2017). Moreover, early mouse embryos lack

centrosomes (Courtois et al., 2012; Fishman et al., 2018; Woolley and Fawcett, 1973),
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which have essential functions during embryonic development in most other mammalian
species. For instance, centrosomes drive the inward movement of the two pronuclei that
encapsulate the parental genomes in the fertilized egg (zygote) (Malone et al., 2003;
Payne et al., 2003), and are thought to promote the assembly of the first mitotic spindle
(Fishman et al., 2018; Hewitson et al., 2002), the machinery that segregates the
chromosomes. The importance of centrosomes for early embryo development is further
supported by the identification of genetic variants of the centrosomal kinase PLK4 that

have been linked to aneuploidy in human embryos (McCoy et al., 2015a).

Studies in human zygotes are limited by ethical considerations, the lack of available
biological material, and legal restrictions. Bovine embryos closely resemble human
embryos in their development: they contain centrosomes (Fishman et al., 2018; Navara
et al., 1994), display similar timings of early embryonic divisions (Lequarre et al., 2003)
and rates of aneuploidy (Destouni et al., 2016; Lee and Kiessling, 2017), and are

reprogrammed by related mechanisms (Simmet et al., 2018).

In this study, we established a high-resolution live cell imaging system for bovine embryos
to identify potential causes of errors during early mammalian embryogenesis. Using this
system, we found that chromosome segregation errors frequently arise from defects
during parental genome unification. We report that the unification of the maternal and
paternal genomes initiates while each genome is still in a separate nucleus, much earlier
than had been previously assumed. The parental genomes cluster in close proximity to
each other at the pronuclear interface, which depends on centrosomes being located at
the pronuclear interface. However, clustering often fails leading to chromosome

segregation errors which preclude the development of a healthy embryo. This crucial role
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of chromosome clustering is likely to be conserved in human zygotes, as we found that
nucleolar clustering correlates with normal human blastocyst development. Together, our
work suggests defects during parental genome clustering as a major contributor to the

high rates of aneuploidy in human and bovine embryos.

Results

Parental genome unification initiates in intact nuclei upon fertilization

We established a high-resolution live cell imaging system for bovine embryos as a model
system for human embryos (see STAR Methods; Movie S1). We confirmed that imaged
embryos developed into blastocysts with similar efficiencies as non-imaged embryos

(Figure S1A). Thus, the imaging system did not interfere with embryo development.

We then used our imaging system to study the first mitotic division in the zygote (Movie
S1). Strikingly, we frequently observed chromosome segregation errors upon unification
of the maternal and paternal chromosomes on the first mitotic spindle (Movie S1), as we
outline in detail below. This prompted us to investigate how these errors arise as the
parental genomes are united. Upon fertilization, the parental genomes were first packaged
into two separate pronuclei in the periphery of the zygote. The pronuclei subsequently
migrated inwards and the sperm centrosome was duplicated. During this migration, the
chromatin adopted an unusual configuration: instead of being homogeneously distributed
throughout the pronuclear volume, it became clustered and polarized inside intact
pronuclei (Figures 1A and 1B). The chromatin was highly concentrated in the direction of

migration, so that when the pronuclei congressed, chromatin was clustered at the
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pronuclear interface (Figures 1B-1D and S1B). The chromosomes in both pronuclei were
already in close proximity to each other when the male and female pronuclei reached

juxtaposition.

Chromatin clustering began in the early stages of pronuclear migration, and accelerated
as the chromosomes condensed during the final 3-4 hours before nuclear envelope
breakdown (Figure 1C). As a consequence of chromosome clustering and condensation,
the chromatin occupied less than 20% of the nucleus just before nuclear envelope
breakdown (Figures 1C, 1E, and S1C). Before nuclear envelope breakdown, all
chromosomes were associated with the periphery of the pronuclei, including the few
chromosomes located away from the pronuclear interface (Figures 1A-1C, 1F, and S1D).
In intact somatic nuclei and pronuclei of other systems, the chromatin remains uniformly
distributed and much less condensed prior to cell division (Courtois et al., 2012; Gonczy
et al., 1999; Magidson et al., 2011). Thus, the clustering of parental genomes toward each
other within intact pronuclei (hereafter referred to as “pre-unification”) and the early

chromosome condensation were completely unexpected.

Upon nuclear envelope breakdown, the chromosomes were captured by microtubules
emanating from the two centrosomes. The centrosomes served as major microtubule
organizing centers (Figure 1G; Movie S1), and rapidly assembled a spindle with two
focused poles (Figure 1H; Movie S1). Interestingly, the maternal and paternal
chromosomes continued to occupy partially distinct territories upon nuclear envelope
breakdown and on the first mitotic spindle (Figure S1E; Movie S2), consistent with work
in C. elegans, mouse, and humans (Bolkova and Lanctot, 2016; Mayer et al., 2000;

Reichmann et al., 2018; van de Werken et al., 2014). Subsequently, the zygote
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progressed into anaphase and divided into two equal daughter cells, each with a parental

genome complement (Figure 1A).

Parental genome pre-unification ensures accurate chromosome segregation

We reasoned that pre-unification of the parental genomes may facilitate their capture upon
nuclear envelope breakdown. The two pronuclei spanned a width of ~ 47 um just before
nuclear envelope breakdown (Figure S1F), which is much larger than the width of the
somatic nucleus in a typical mitotic cell (Milo and Phillips, 2016), and much longer than
mitotic microtubules in bovine zygotes (8.7+2.6 ym) (Figure S1G). These data suggest
that chromosome capture might be inefficient if the chromosomes were uniformly
distributed throughout the two pronuclei. Pre-unification of the parental genomes at the
pronuclear interface reduces the total chromosome volume, and thus could promote

efficient chromosome capture by microtubules.

To test this hypothesis, we took advantage of our observation that some zygotes failed to
cluster their chromatin in one of the two pronuclei. Specifically, we observed two major
classes of clustering defects. The first class is characterized by less condensed,
unclustered chromatin in one pronucleus (Figure 2A), which we termed uncondensed.
The second class is characterized by peripherally localized and condensed chromatin that

is not at the interface of the two pronuclei, which we termed unclustered (Figure 2A).

We manually identified zygotes with an uncondensed pronucleus based on their
chromatin configuration in the frame before nuclear envelope breakdown (Figure 2A), and
discerned zygotes with an unclustered pronucleus from zygotes with clustered pronuclei
using algorithms that quantify chromatin distribution (see Methods) (Figures 1D-1F and

S2A-S2D). These three groups of zygotes were followed as they progressed through the
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first mitotic division (Figures 1A, 2B, 2C, S3A, and S3B; Movies S1, S3, and S4) and
scored for phenotypes associated with defective chromosome capture, including: (1)
compromised congression on the metaphase plate (Figures 2D and 2E), (2) lagging
chromosomes during anaphase (Figures 2F and 2G), and (3) formation of micronuclei

(Figures 2H and 2I).

By these criteria, the vast majority of zygotes with an uncondensed pronucleus showed
serious defects during mitosis (Figure 2J). Chromosomes from the uncondensed
pronucleus showed delays in both association with the spindle and congression on the
metaphase plate (Figures 2B and S3A; Movie S3). Indeed, 71% of uncondensed zygotes
failed to congress all their chromosomes on the metaphase plate by the time of anaphase
onset (Figure 2E), and anaphase onset was significantly delayed (Figure SZ2E).
Additionally, 88% of these zygotes had multiple lagging chromosomes during anaphase
(Figure 2G). To investigate which pronucleus gives rise to the lagging chromosomes, we
selectively photobleached the chromosomes in the peripheral clustered pronucleus thus
leaving the chromosomes in the wuncondensed pronucleus unbleached and
distinguishable (Figure S4A; Movie S3). We found that 89% of lagging chromosomes
originated from the uncondensed pronucleus (Figures S4B and S4C; Movie S3). These
data are consistent with defective capture of chromosomes originating from the

uncondensed pronucleus.

Zygotes with an unclustered pronucleus also showed prominent defects in mitosis.
Chromosomes in the distal regions of the pronuclei often remained separated from the
main chromosome cluster upon nuclear envelope breakdown, and the time to congress

chromosomes on the metaphase plate was delayed (Figures S2F and S3B; Movie S4).
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Although most zygotes in this class eventually succeeded in congressing their
chromosomes on the metaphase plate (Figure 2E), 50% of them had lagging
chromosomes during anaphase, indicating incorrect attachment to microtubules (Figure
2G). Interestingly, anaphase onset was not significantly delayed (Figure S2E), suggesting
that zygotes can progress into anaphase without delay despite incorrect kinetochore-
microtubule attachments. These data suggest that abnormal kinetochore microtubule
attachments are not detected by zygotes, and/or do not prevent progression into
anaphase. Rapid chromosome capture upon nuclear envelope breakdown may hence be
of particular importance in zygotes, in order to provide sufficient time to correct erroneous

attachments before anaphase onset.

To test if the unclustered chromosomes were more likely to lag in these zygotes, we
selectively photobleached the clustered chromosomes at the pronuclear interface, leaving
the distal chromosomes unbleached (Figure S4D; Movie S4). Consistent with our
hypothesis, 69% of detected lagging chromosomes were unbleached, indicating that
inside the pronuclei they were distal from the pronuclear interface (Figure S4E). Bleaching
did not harm the zygotes, because most bleached zygotes lacked chromosome
segregation defects, similar to untreated zygotes (Figure S4F). Together, these data
indicate that distal chromosomes are more likely to lag during anaphase than clustered

chromosomes.

Lagging chromosomes were generally more frequent in zygotic mitosis than in mitosis of
somatic cells (Thompson and Compton, 2008, 2011), suggesting an increased rate of
incorrect kinetochore-microtubule attachments or a less efficient error correction

mechanism. The lagging chromosomes were often subsequently encapsulated in
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micronuclei (Figures 2H and 2I). Most embryos with micronuclei had both chromosome
congression defects and lagging chromosomes (Figure S2G). Thus, defective
chromosome congression on the first mitotic spindle is a major factor contributing to the
frequent appearance of lagging chromosomes and, in turn, micronuclei in two-cell

embryos.

In total, 90% of zygotes with an uncondensed pronucleus, and 50% of zygotes with an
unclustered pronucleus had defects during the first mitotic division (Figure 2J). This is in
stark contrast to zygotes with two clustered pronuclei: only 20% of these had defects
(Figure 2J). Together, these data establish that parental genome pre-unification is
required to accurately segregate chromosomes and prevent the formation of micronuclei
(Figure 7A). Chromosome segregation errors in the zygote will give rise to aneuploid 2-
cell embryos, precluding the development of a healthy embryo (Kort et al., 2016; Vazquez-

Diez et al., 2016).

Centrosome positions determine sites of chromosome clustering and accuracy of

chromosome segregation

Having established the functional importance of parental genome pre-unification, we
wanted to investigate the underlying mechanism. We noticed that the chromosomes
normally moved to the position of the duplicated centrosomes (Figure 1A; Movie S1). In
the vast majority of zygotes, one or two centrosomes were located at the interface
between the two pronuclei (Figure 3A) and were always associated with chromosomes
(Figures 3B and 3C). One of the two centrosomes localized sometimes distal from the
pronuclear interface, but was also associated with chromosomes in 98% of all cases

(Figures 3B and 3C). Interestingly, zygotes with centrosomes positioned away from the
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pronuclear interface failed to pre-unite the parental genomes (Figures 3D and 3E) and
were more likely to have chromosome segregation errors (Figure 3F). After nuclear
envelope breakdown, the parental genomes of zygotes with centrosomes positioned away
from the pronuclear interface remained separate for a longer time period and only united

with a delay (Figure 3G).

Zygotes with a delay in genome unification were also generally more likely to have mitotic
errors (Figure 3H), emphasizing the importance of rapidly unifying the parental genomes
upon nuclear envelope breakdown. Together, these data suggest that centrosomes
determine the site of chromosome clustering and that their presence at the pronuclear

interface promotes the rapid and error-free unification of the parental genomes.

Centrosomes, microtubules, and dynein pre-unite chromosomes within intact

pronuclei

Our hypothesis that centrosomes drive chromosome clustering predicts that detaching
centrosomes from pronuclei would lead to defects in chromosome clustering. Work in C.
elegans and zebrafish zygotes has established that centrosomes are coupled to nuclei
through the LINC complex and dynein (Bone and Starr, 2016; Lindeman and Pelegri,
2012; Malone et al., 2003). This coupling requires the KASHS subunit of the LINC
complex, which can be blocked with a KASHS dominant-negative (KASH5-DN) fragment
(Stewart-Hutchinson et al., 2008). We expressed a KASH5-DN in bovine zygotes (Figure
S5A), and observed the displacement of centrosomes from the nuclear envelope, failure
in pronuclear migration, and, eventually, assembly of two separate spindles (Figures S5B-
S5G; Movie S5). These data suggest that centrosome coupling to the nuclear envelope

in bovine zygotes also relies on the LINC complex and is necessary for pronuclear
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migration, consistent with work in non-mammalian embryos (Cowan and Hyman, 2004;

Wubhr et al., 2010).

KASHS5-DN zygotes displayed significantly decreased chromosome clustering, consistent
with the notion that centrosomes drive chromosome clustering (Figures 3A and 3B; Movie
S5). However, recruitment of chromosomes to the nuclear envelope was not affected

(Figure S5H).

Next, we investigated how centrosomes direct chromosome movements. Centrosomal
microtubules directly capture chromosomes via their kinetochores during somatic cell
mitosis (Heald and Khodjakov, 2015). However, in zygotes, microtubules did not permeate
the nuclear envelope during chromosome clustering, but instead wrapped around the
pronuclear envelopes (Figure 4D). Moreover, centromeres were located in the inner
region of the pronuclei, away from the nuclear envelope (Figures S6A-SC), suggesting

that centrosomes cluster the chromosomes via a different mechanism.

The perinuclear microtubules that wrapped around the nuclear envelope appeared to be
in a suitable arrangement for mediating chromosome transport towards centrosomes, as
they covered most of the pronuclear surfaces and were highly enriched at the pronuclear
interface, where at least one of the centrosomes was located (Figure 4D). Adapters in the
nuclear envelope can link chromosomes to microtubules and thereby transduce forces
across the nuclear envelope (Zeng et al.,, 2018). Transport towards centrosomes in
interphase is typically mediated by the minus-end directed motor protein dynein (Malone
et al., 2003; Quintyne et al., 1999). Thus, we hypothesized that dynein might transport the

chromosomes to the centrosome via adaptors that bridge the nuclear envelope.
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To test this hypothesis, we first investigated if microtubules are required for chromosome
clustering by treating zygotes with the microtubule-depolymerizing drug nocodazole. In
support of transport along microtubules, nocodazole not only blocked pronuclear
migration (Figure S5I; Movie S5), but significantly reduced the clustering of chromosomes
within pronuclei (Figures 4E and 4F). Consistent with the effects of KASHS5-DN,
chromosomes still relocated to the nuclear envelope, suggesting that the recruitment of
chromosomes into the nuclear periphery is independent of microtubules and centrosomes

(Figure S5J).

To test for an involvement of dynein, we purified and injected the C-terminus of the dynein
interaction partner dynactin (P150-CC1), which blocks the activity of the dynein-dynactin
complex (Quintyne et al., 1999). P150-CC1 led to a significant reduction of chromosome
clustering at the pronuclear interface (Figures 4G, 4H, and S5KL; Movie S5). Overall, our
data suggest that dynein mediates the transport of chromosomes along microtubules

towards the centrosomes.

Nuclear pore complexes cluster with chromatin at the pronuclear interface

The dynein-dependent movement of chromosomes toward the centrosome in zygotes is
reminiscent of the mechanisms involved in forming telomere bouquets established in the
early stages of meiosis (Zeng et al.,, 2018). The telomeres cluster in proximity to the
centrosome in preparation for meiotic recombination (Sato et al., 2009; Shibuya et al.,
2014). However, in stark contrast to meiotic cells, telomeres were located in the central
region of zygotic pronuclei, and were often enriched at nucleoli together with centromeres
(Figures S6D-S6F), consistent with reports in mouse and human zygotes (Jachowicz et

al., 2013; van de Werken et al., 2014). Moreover, the inner nuclear membrane protein
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SUN1 was distributed along both pronuclear envelopes, without specific enrichment on
peripheral chromosomes (Figure S6G). This localization is in contrast to the clustered
appearance of SUN1 in proximity to the centrosome in meiotic cells, but it is consistent
with observations in C. elegans zygotes (Minn et al., 2009). These data suggest that
dynein moves chromosomes in zygotes by a mechanism that is distinct from telomere

movement in early meiosis.

Studies in somatic cells have shown that dynein can bind to nuclear pore complexes
(Bolhy et al., 2011; Splinter et al., 2010) and that this interaction is required for nuclear
migration in brain progenitor cells (Hu et al., 2013). Interestingly, previous work reported
that chromosomes associate with nuclear pore complexes in bovine embryos from the 2-
cell stage onwards (Popken et al., 2015). This led us to investigate if dynein pulls the
chromosomes to the centrosome via nuclear pore complexes. Transport of nuclear pore
complexes toward centrosomes was indeed evident in videos of live zygotes labelled with
the nucleoporin Pom121 (Figure 5A; Movie S6). Although individual pores could not be
resolved on intact nuclei, annulate lamellae, membrane stacks enriched in nuclear pore
complexes, were prominently recruited toward centrosomes as the two pronuclei moved

inwards (Figure 5A; Movie S6, arrowheads).

To gain better resolution, we performed Airyscan super-resolution microscopy of nuclear
pore complexes in fixed zygotes. We found that nuclear pore complexes were unevenly
distributed along the nuclear envelope, clustered at the pronuclear interface and in direct
proximity to the clustered chromosomes (Figure 5B; Movie S7). We quantified this co-

localization, obtaining a Pearson’s correlation coefficient of 0.83 (Figure 5C). In contrast,
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Lamin A/C and Lamin B1 were distributed along the entire nuclear envelope (Figures S6H

and 6l).

The clusters of nuclear pore complexes were closely associated with microtubules running
along the interface between the two pronuclei (Figures 5B; Movie S7), consistent with

dynein pulling chromosomes along perinuclear microtubules via nuclear pore complexes.

Live imaging further demonstrated that the polarization of nuclear pore complexes is
established in parallel to chromatin clustering as the pronuclei move toward each other
(Figure 5D). Altogether these data are consistent with a model whereby chromosome

clustering is driven by dynein-dependent pulling on nuclear pore complexes (Figure 7B).

Nucleoli as a read-out of chromosome clustering and blastocyst development in

human embryos

We next set out to investigate if chromosome pre-unification also occurs in human
zygotes. Labelling of chromosomes in human embryos is not permitted as part of fertility
treatments, and fertilizing human eggs for research is forbidden in many countries,
including Germany. However, in vitro fertilization clinics routinely image human embryos
by transmission microscopy (Cruz et al., 2011). These videos are typically recorded at
sufficient resolution to detect the position of the nucleolar precursor bodies (hereafter,
nucleoli), which are associated with centromeres and telomeres in bovine and in human
zygotes (Figures S6A and S6D) (van de Werken et al., 2014). By imaging nucleoli in live
bovine zygotes, we confirmed their co-localization with chromatin (Figure S6J), indicating

that nucleoli can serve as proxy for chromatin distribution in zygotes.
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Interestingly, previous studies had suggested that the distribution of the nucleoli can
predict the developmental efficiency of human embryos (Tesarik and Greco, 1999).
However, these studies were carried out prior to routine live microscopy of embryos, and
different studies had come to varying conclusions, possibly due to the evaluation of single
time points (Fulka et al., 2015; Guerif et al., 2007; James et al., 2006; Swain, 2013). More
recent studies that took advantage of live microscopy combined multiple parameters and
thus no clear result emerged for clustering of nucleoli (Azzarello et al., 2012; Coticchio et
al., 2018; Faramarzi et al., 2018). We hence repeated this analysis by scoring videos of
live human embryos for clustered and non-clustered nucleoli (Figures 6A and 6B; Movie

S8).

We found that 56% of human zygotes had clustered nucleoli at the pronuclear interface
(Figure 6C), which is strikingly similar to the 59% of bovine zygotes with clustered
chromatin that we observed. This configuration is likely to correspond to a polarized
chromatin distribution, which was observed in an early study of human zygotes but has
not been further investigated (Van Blerkom et al., 1995). In some cases, we could also
observe nucleoli moving within the pronuclei towards the pronuclear interface region
(Figure 6A, arrow), suggesting active clustering similar to what we observed for chromatin
in bovine zygotes. Strikingly, human zygotes with clustered nucleoli were significantly
more likely to develop into blastocysts than zygotes with scattered nucleoli (Figure 5C;
Movie S8). These data suggest that the clustering of nucleoli at the pronuclear interface
has a positive impact on human embryo development, consistent with our observations

that chromatin clustering promotes proper development of bovine embryos.
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Discussion

Here, we established a high-resolution live cell microscopy system to study the
development of bovine embryos as a model for human embryos. Using this system, we
discovered an unexpected, error-prone mechanism that unites the maternal and paternal
chromosomes. In particular, the parental genomes cluster in close proximity to each other
at the interface between their intact pronuclei, a process that we defined as parental
genome pre-unification. Our data suggest that clustering is achieved by dynein, which
transports chromosomes along perinuclear microtubules toward the centrosomes as the
pronuclei migrate inwards (Figure 7B). Parental genome pre-unification increases the
efficiency of chromosome capture by the newly assembling spindle, and thus prevents

chromosome segregation errors (Figure 7A).

Pronuclear migration and chromosome clustering are not only established simultaneously,
but also the molecular players driving both processes — microtubules, dynein, nuclear pore
complexes, and centrosomes — are intriguingly similar (Hu et al., 2013; Lindeman and
Pelegri, 2012; Malone et al., 2003; Payne et al., 2003). Our data are consistent with a
unified model whereby pronuclear migration and chromatin clustering are two tightly
interwoven processes, simultaneously established by the same cellular machinery, with
the common aim of uniting the parental genomes. In this model, dynein associates with
nuclear pore complexes and transports the pronuclei toward each other along
centrosome-nucleated microtubules. Pulling via nuclear pore complexes not only brings
the two pronuclei into close proximity, but it simultaneously pre-unites the parental
genomes at the pronuclear interface to facilitate their rapid capture and union on the first

mitotic spindle (Figure 7).
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Bovine and human embryos are frequently aneuploid, with multiple errors resulting from
defects during the first cell divisions (Destouni et al., 2016; Lee and Kiessling, 2017;
McCoy, 2017; McCoy et al., 2015b; Vera-Rodriguez et al., 2015). Defects during parental
genome unification in the zygote are likely to be a major cause of high aneuploidy rates
in embryos and abnormal embryo development. Interestingly, a high number of zygotes
displayed clustering defects and a delay in parental genome unification, which were both
highly correlated with lagging chromosomes, a frequent cause of aneuploidy. The pre-
unification of the parental chromosomes is hence a particularly critical and sensitive step

in embryo development.

Our data also reveal fundamental differences in the way that zygotes and normal somatic
cells progress through mitosis. Apart from their large size and the presence of two nuclei,
zygotes also display a high degree of chromatin polarization toward the pronuclear
interface, condensed chromosomes at the nuclear periphery before nuclear envelope

breakdown, and a highly asymmetric distribution of nuclear pore complexes.

Chromosome condensation and recruitment into the nuclear periphery may help to
expose kinetochores and bring them into close proximity with the centrosomes to facilitate
their capture. Kinetochores buried within an uncondensed chromatin mass, such as those
in uncondensed pronuclei, make microtubule contacts later and often stay incorrectly
attached, as evident from a large number of lagging chromosomes in this group. The fact
that 21% of zygotes have an uncondensed nucleus before nuclear envelope breakdown
implies that asynchronous chromosome condensation in the two pronuclei is a frequent
phenomenon in bovine zygotes and a major cause of errors during the first mitotic division.

This number is strikingly similar to the 25% of human cleavage embryos displaying more
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than 3 whole chromosomes aneuploidy (McCoy et al., 2015b), also referred to as chaotic

aneuploidy (McCoy, 2017).

Chromosome clustering might occur specifically in zygotes because their chromosomes
are spread over a much larger volume than in somatic mitotic cells, and hence are more
difficult to capture and unite by two centrosomes. The position of the centrosomes plays
a crucial role in this process, as zygotes with centrosomes positioned away from the
pronuclear interface fail to cluster the chromosomes, unify the parental genomes later,

and are more likely to show chromosome segregation errors.

Interestingly, mouse zygotes have multiple acentriolar microtubule organizing centers
distributed on the surface of the two pronuclei, which may facilitate the rapid capture of
chromosomes upon nuclear envelope breakdown (Courtois et al., 2012). This alternative
and potentially more efficient capture mechanism may explain why mice do not cluster
their chromosomes at the pronuclear interface, and may underlie the lower aneuploidy
rates in mouse embryos compared to human and bovine embryos (Destouni et al., 2016;
Lee and Kiessling, 2017; Lightfoot et al., 2006). Additionally, chromosome clustering may
be important for other processes in early embryo development, such as the establishment
of new topologically associating domains (Borsos et al., 2019; Chen et al., 2019) and

embryonic genome activation (Li et al., 2013).

Our results suggest that clustering of nucleoli in human zygotes could be used as a proxy
for efficient chromosome clustering and improved embryo development, though further
studies using a larger dataset of human embryos are required (Fulka et al., 2015; Guerif

et al., 2007; James et al., 2006; Swain, 2013). This approach would be of particular
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interest to in vitro fertilization clinics in countries such as Germany that freeze zygotes

before the pronuclei break down.
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Figure legends

Figure 1. Parental genome unification initiates in intact nuclei upon fertilization.

(A) (Top) Schematic of chromatin organization and spindle assembly in zygotes. Magenta,
chromatin. Green, microtubules. (Bottom) Representative stills from time-lapse movies of
zygotes. Gray, microtubules (mClover3-MAP4-MTBD). Magenta, DNA (H2B-mScarlet).
Outlined regions are magnified below. Time, hours:minutes, 00:00 is nuclear envelope

breakdown. Z-projections, 11 sections every 2.50 ym.

(B) (Top) Schematic of chromatin organization during pronuclear migration. (Bottom)
Representative stills from time-lapse movies of pronuclear migration. Gray, microtubules
(mClover3-MAP4-MTBD). Magenta, DNA (H2B-mScarlet). Outlined regions magnified
above. Time, hours:minutes, 00:00 is nuclear envelope breakdown. Z-projections, 8

sections every 2.50 um.

(C) Quantification of chromatin distribution within pronuclei using the inner chromatin
fraction index (magenta), nuclear occupancy index (green), and surface occupancy index
(gray). Solid lines represent means of ten pronuclei belonging to five zygotes obtained

from three independent experiments. Shaded areas represent standard error of the mean.
(D-F) Schematics of the chromatin distribution indices used in (C).

(G) Representative immunofluorescence images of a zygote upon nuclear envelope
breakdown. Gray, microtubules (a-tubulin). Magenta, DNA (DAPI). Green, centromeres

(ACA).

(H) Representative immunofluorescence images of a zygotic spindle. Gray, microtubules

(a-tubulin). Magenta, DNA (DAPI). Green, y-tubulin.
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Scale bars, 10 um.

Figure 2. Parental genome pre-unification ensures accurate chromosomes

segregation.

(A) Representative stills from time-lapse movies (top) and schematics (bottom) of zygotes
pronuclei before nuclear envelope breakdown classified as clustered (non-defective, left);
unclustered (middle); uncondensed (right). Gray, DNA (H2B-mScarlet). Magenta dashed
line indicates the pronucleus determining the specific category. Z-projections, 10 sections

every 2.50 ym.

(B-C) Representative stills from time-lapse movies of bovine zygotes before and after
nuclear envelope breakdown. (B) shows a zygote classified as uncondensed. (C) shows
a zygote classified as unclustered. Gray, microtubules (mClover3-MAP4-MTBD).
Magenta, DNA (H2B-mScarlet). Arrows indicate misaligned and lagging chromosomes
that form micronuclei, as highlighted by dashed box (magnification on the right). Time,
hours:minutes, 00:00 is nuclear envelope breakdown. Z-projections, 12 sections every

2.50 um.

(D-J) Representative images and frequencies of zygotes in indicated groups having
defective chromosome congression (D, E), lagging chromosomes (F, G), micronuclei in
2-cell embryos (H, I), and abnormal mitosis (J). Gray, microtubules (mClover3-MAP4-
MTBD). Magenta, DNA (H2B-mScarlet). Z-projections, respectively 5, 4, and 5 sections

every 2.50 ym.
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Data in (E, G, I, J) are from eleven independent experiments. The number of analyzed
zygotes is specified in italics. Indicated p-values calculated using Fisher's exact tests.

Scale bars, 10 um.

Figure 3. Centrosome positions determine sites of chromosome clustering and

accuracy of chromosome segregation.

(A) Centrosome localization before nuclear envelope breakdown in the indicated

configurations.

(B) Representative still from a time-lapse movie of a zygote before nuclear envelope
breakdown. Gray, microtubules (mClover3-MAP4-MTBD). Magenta, DNA (H2B-

mScarlet). Arrows specify the distal and the interface centrosomes.

(C) Centrosomes located away from the pronuclear interface that are proximal or not to

chromosomes in pronuclei.

(D) Inner and outer chromatin fraction indices in indicated groups.

(E) Zygotes with clustered or unclustered chromosomes before nuclear envelope

breakdown with different centrosome positioning as indicated.

(F) Zygotes having chromosome segregation errors during mitosis with different

centrosome positioning as indicated.

(G) Time between nuclear envelope breakdown and the unification of the parental

genomes in zygotes with different centrosome positioning as indicated.
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(H) Zygotes having chromosome segregation errors during mitosis where genome
unification take place within 30 minutes after nuclear envelope breakdown or later as

indicated.

Zygotes having a pronucleus with uncondensed chromatin at nuclear envelope
breakdown have been excluded from the quantifications in C, D, E, F, G, and H to avoid
accounting for the role of incomplete chromosome condensation at nuclear envelope
breakdown. Data are from eleven independent experiments. The number of analyzed
zygotes (A, E, F, G, H), centrosomes (C), and pronuclei (D) is specified in italics. Indicated
p-value calculated using unpaired two-tailed Student’s t test (D, G) and Fisher’s exact test

(E, F, H). Scale bar, 10 ym.

Figure 4. Centrosomes, microtubules, and dynein pre-unite chromosomes within

intact pronuclei.

(A) Representative images of zygotes before nuclear envelope breakdown expressing
GST or KASH5-DN. Gray, DNA (H2B-mScarlet). Dashed lines mark pronuclei. Z-

projections, 9 sections every 3.08 um.

(B) Max polarity index (see (C)) in zygotes expressing GST or KASH5-DN.

(C) Schematics of the max polarity index.

(D) Representative immunofluorescence images of a zygote with microtubules wrapped
around the pronuclei. Gray, microtubules (a-tubulin). Magenta, DNA (DAPI). Z-projection,

35 sections every 0.1 ym.
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(E-H) Representative images and max polarity indices in zygotes treated with DMSO or
nocodazole (E, F) or injected with BSA or P150-CC1 (G, H). The last time point before
nuclear envelope breakdown is shown. Gray, DNA (H2B-mScarlet). Dashed lines mark

pronuclei. Z-projections, respectively 8 and 12 sections every 2.50 uym.

Data are from four (B, H) or six (F) independent experiments. The number of analyzed
pronuclei is specified in italics. Indicated p-values calculated using unpaired two-tailed

Student’s t-test. Scale bars, 10 ym.

Figure 5. Nuclear pore complexes cluster with chromatin at the pronuclear

interface.

(A) Representative stills from time-lapse movies of zygotes expressing mClover3-MAP4-
MTBD (microtubules, orange) and POM121-mScarlet (nuclear pores complexes, green).
Magenta and white arrowheads indicate two patches of annulate lamellae clustering
toward centrosomes and pronuclear interface. Time, hours:minutes, 00:00 is nuclear

envelope breakdown. Single confocal microscopy sections.

(B) Representative immunofluorescence images of zygotes before pronuclear apposition
(left), before chromosome condensation (middle), and after chromosome condensation
(right). Orange, microtubules (respectively, B-tubulin, a-tubulin, and a-tubulin). Magenta,
DNA (DAPI). Green, nuclear pore complexes (respectively Nup98, NPC-Mab414, and
NPC-Mab414). Outlined regions magnified on the bottom. Centrosomes, nuclear pore

complexes, and annulate lamellae are indicated. Single sections Airyscan microscopy.
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(C) Pearson’s coefficient quantifying the co-localization at the nuclear envelope of nuclear
pore complex and chromatin signals. +1 indicates perfect co-localization, -1 indicates

exclusion.

(D) Representative stills from time-lapse movies of zygotes expressing bElys-mClover3
(nuclear pore complexes, green) and H2B-mScarlet (DNA, magenta). Dashed line
indicates region of the nuclear envelope devoid of nuclear pore complexes. Time,
hours:minutes, 00:00 is nuclear envelope breakdown. Single confocal microscopy
sections, except for first image where two sections were Z-projected to visualize both

pronuclei.

Data in (C) are from two independent experiments. The number of analyzed zygotes is

specified in italics. Scale bars, 10 ym.

Figure 6. Nucleoli as a read-out of chromosome clustering and blastocyst

development in human embryos.

(A-B) (Top) Representative stills from time-lapse movies of a human zygote that develops
(A) or fails to develop (B) into a blastocyst. Zygotes have clustered (A) or unclustered (B)
nucleoli at the pronuclear interface. (Middle) Magnifications of the regions outlined above.
Dashed lines indicate nucleoli. (Bottom) Schematics of the pronuclei and nucleolar

distribution. Arrows indicate a nucleolus that moves toward the pronuclear interface.

(C) Human zygotes with clustered or unclustered nucleoli that develop into blastocyst or

develop abnormally in indicated groups.
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The number of analyzed embryos is specified in italics. Indicated p-value calculated using

Fisher’s exact test. Scale bars, 10 um.

Figure 7. Models illustrating the mechanism of chromosome clustering and

parental genomes pre-unification

(A) Model for the mechanism of chromatin clustering at the pronuclear interface before
(left) and after (right) migration completion. Gray, nucleoplasm. Magenta, chromatin and
chromosomes. Yellow, nuclear pores. Cyan, dynein. Green, microtubules and
centrosomes. Microtubule polarity is indicated by + and -. Arrows indicated dynein

directionality. Female and male pronuclei are indicated by @ and &, respectively.

(B) Schematics of mitosis in zygotes having clustered (top), unclustered (middle), or
uncondensed (bottom) chromosomes. Depending on the chromatin organization before
nuclear envelope breakdown mitotic errors occur. Magenta, chromatin. Green,
microtubules. Arrows point to defects causing chromosome segregation errors, such as

misaligned and lagging chromosomes, and to micronuclei.
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Materials and methods

Bovine zygote production

Bovine ovaries were obtained from a local abattoir and transported to the laboratory in a
thermo-flask within 3 hours of retrieval. Oocyte isolation, culture, and fertilization were
performed using the IVF Bioscience media suite and the manufacturer protocol, with small
changes. In brief, cumulus-oocyte complexes (COCs) were aspirated from antral follicles
using an 18-gauge needle mounted on a 1 mL disposable syringe. The aspirated follicular
fluid was transferred to a 50 ml falcon tube containing 140 pl of 5000 IU/ml Heparin (Merck
Millipore). COCs were allowed to sediment and then washed extensively with pre-warmed
TCM199 (HEPES-buffered medium 199; Sigma M2520) supplemented with 0.05 g/ml
Gentamycin Sulphate (Roth 0233), 1 mM Na-Pyruvate (GIBCO 11360-039), 0.022 g/ml
NaHCO3 (S5761-500G), and 5% FBS (GIBCO 16000-044). Only fully-grown oocytes with
a homogeneous cytoplasm and at least 3-5 complete layers of compact cumulus cells
were selected for the experiments. COCs were washed and transferred to pre-warmed
and equilibrated BO-IVM media (IVF Biosciences) and incubated at 38.8°C (5% CO2).
After 14 hours, COCs were partially denuded using a transfer pipette with a 175 ym tip
(Origio MXL3-175) in warm TCM199 media. 6 hours later (20 hours after COCs retrieval),
COCs were washed into pre-warmed and equilibrated BO-IVF media (IVF Biosciences).
Insemination was performed by adding 1*106 spermatozoa to a maximum of 40 COCs in
a final volume of 500 yl BO-IVF media. Spermatozoa were purified from frozen bull semen
obtained from a bull of proven fertility (Bernal-Ulloa et al., 2016). Frozen semen was
thawed, resuspended in 3 ml of pre-warmed BO-Semen media (IVF Bioscience) and

centrifuged for 5 min at 300 g. The pellet was resuspended in 2 ml of pre-warmed BO-
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Semen media and ccentrifuged for 5 min at 300 g. The supernatant was discarded leaving
300-500 ul and sperm cells were gently resuspended and counted using a Burker
chamber. Insemination was performed at 38.8°C (5% CO2) for 7 to 18 hours. For short
inseminations (7-10 hours), spermatozoa concentration was doubled. Zygotes were
retrieved 7 to 18 hours after insemination and gently denuded of cumulus cells and
spermatozoa using a transfer pipette with a 135 um tip (Origio MXL3-135) in pre-warmed
TCM199 media. To improve imaging, zygotes were transferred to a 2 ml tube containing
500 pl of warm TCM199 media and centrifugated for 3 min at 9000 g in a pre-warmed
rotor. After spinning, zygotes were washed into pre-warmed and equilibrated BO-IVC

media (IVF Biosciences) and incubated at 38.8°C (5% CO2 + 6% 02).

Human embryos

All human embryos used in this study were part of the routine IVF treatment after having
obtained fully informed patient consent at Bourn Hall Clinic (Cambridge, UK), under

Human Fertilization and Embryology Authority (HFEA) license for Center 0100.

Microinjection of bovine oocytes and zygotes

Bovine oocytes and zygotes were microinjected with 4 pl of mRNAs as previously
described (Schuh and Ellenberg, 2007). Bovine oocytes were injected between 14 and 20
hours after onset of maturation. Bovine zygotes were injected between 8 and 16 hours
post insemination. MRNAs were microinjected at the following needle concentrations:
mClover3-MAP4-MTBD at 200 ng/ul, miRFP-MAP4-MTBD at 300 ng/ul, H2B-miRFP at
70 ng/pl, H2B-mScarlet at 60 ng/pl, mScarlet-hCenpC at 41 ng/ul, GST at 1964 ng/ul,

mClover3-bKASH5-DN at 1950 ng/pl, GST-bKASH5-DN at 1951 ng/pl, bElys-mClover3
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at 432 ng/ul, H2B-mClover3 at 120 ng/ul, POM121-mScarlet at 50 ng/ul, and mClover3-

hNPM1 at 24 ng/pl.

For protein injections, zygotes were microinjected with 14 pl. BSA and P150-CC1 were
injected at a needle concentration of 20 ug/ul, resulting in a protein concentration in
zygotes of 4.7 mM and 7.1 mM, respectively. Protein injection buffer was PBS

supplemented with 0.03% NP40 and 70 kD Dextran 647 to select for injected cells.

Expression constructs, messenger RNA (mRNA) synthesis, protein expression and

purification

All mRNAs were synthesized and quantified as previously described (So et al., 2019).
mClover3-MAP4-MTBD, H2B-miRFP, and H2B-mScarlet mRNAs were synthesized from
previously published constructs (So et al., 2019). The following plasmids were generated
specifically for this study by subcloning the previously published sequences into a
pGEMHE plasmid: GST (Panic et al., 2003), mRFP-MAP4-MTBD (So et al., 2019), H2B-
mClover3 (So et al., 2019); mScarlet-hCenpC (Klare et al., 2015), Pom121-mScarlet
(Beaudouin et al., 2002), mClover3-hNPM1 (Wang et al., 2005). mClover3-KASH5-DN,
GST-KASHS-DN, and mClover3-bElys constructs were cloned from bovine fibroblast or
bovine oocyte cDNA libraries made using a SensiFAST cDNA synthesis kit (Bioline, BIO-
65053). The primers (KASH5-DN cloning, sense and antisense, Elys cloning sense and
antisence) were used to clone the bovine KASH5-DN and bovine Elys into a pENTR/D-

TOPO vector (Invitrogen).

His-P150-CC1 (Courtois et al., 2012) was expressed in and purified from
BL21(DE3)pLysS competent cells (Promega) as previously described (Courtois et al.,

2012) with some modifications. Briefly, recombinant proteins were purified using Ni-NTA
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Agarose (Qiagen 30210). Buffer was exchanged by dialysis to PBS. Protein was
concentrated using an Amicon 10 kD filter column (Merck UFC801008D) and purity tested

by SDS-PAGE.

Drug addition

Nocodazole (Sigma-Aldrich M1404) was diluted freshly in hybridoma grade DMSO
(Sigma-Aldrich D2650) to make a 20 mM stock and was added to zygotes to a final

concentration of 20 uM, at least 9 hours before nuclear envelope breakdown.

Immunofluorescence

Zygotes were fixed in 100 mM HEPES (pH 7.0, titrated with KOH), 50 mM EGTA (pH 7.0,
titrated with KOH), 10 mM MgSOa4, 2% methanol-free formaldehyde and 0.5% triton X-100
at 37°C for 25 min. Fixed zygotes were extracted in PBS with 0.5% triton X-100 (PBST)
overnight at 4°C and blocked in PBST with 5% BSA (PBST-BSA) for 6 hours at room
temperature. Primary antibody incubations were performed in PBST-BSA overnight at4°C
at the concentration listed in the following paragraph. Secondary antibody incubations

were performed in PBST-BSA for 1 hour at room temperature at 20 ug/mil.

Primary antibodies used were human anti-centromere antibody (ACA) at 1:250 dilution
(Antibodies Incorporated #15-234), rat anti-Nup98 at 1:50 (Abcam #ab50610), mouse
anti-NPC/MAb414 at 1:100 (Covance #MMS-120P), rat anti-a-tubulin at 1:1000 (AbD
Serotec - #MCA78G), rabbit anti-B-8-tubulin at 1:500 (Sigma-Aldrich #SAB2700070),
mouse anti-Trf1 at 1:250 (Alpha diagnostic international #TRF12-S), mouse anti-Histone

at 1:100 (Merck #MAB3422), mouse anti-y-tubulin at 1:250 (Sigma-Aldrich # T5326),
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rabbit anti-Sun1 at 1:100 (CST # 8886), rabbit anti-Lamin B1 at 1:100 (Abcam #ab16048)

and mouse anti-Lamin A/C at 1:50 (Sigma-Aldrich #MABT 1340).

Secondary antibodies used were Alexa Fluor 405-, 488-, 568- or 647-conjugated anti-
human 1gG, anti-mouse 1gG, anti-mouse IgM, anti-rabbit 1gG, or anti-rat 1gG all raised in
donkey or goat (Thermo Fisher Scientific). DNA was stained with DAPI at final

concentration of 20 yg/ml (Thermo Fisher Scientific).

Confocal and super-resolution microscopy

For confocal imaging, oocytes were imaged in 20 ul of BO-IVC medium (for live zygotes)
or PBS with 1% polyvinylpyrrolidone (PVP) (for fixed oocytes) under paraffin oil in a 35
mm dish with a #1.0 coverslip. Images were acquired with LSM800, LSM880, or LSM900
confocal laser scanning microscopes (Zeiss) equipped with an environmental incubator
box and a 40x C-Apochromat 1.2 NA water-immersion objective. A volume of 65 pm x 65
pm x 60 um centered on the chromosomes was typically recorded. If full oocytes were
imaged, then we used a volume of 100 um x 100 ym x 72.5 ym centered on the zygote
center. mClover3 was excited with a 488 nm laser line and detected at 493 - 571 nm.
mScarlet was excited with a 561 nm laser line and detected at 571 - 638 nm. miRFP was
excited with a 633 nm laser line and detected at 638 - 700 nm. Images of the control and
experimental groups were acquired under identical imaging conditions on the same
microscope. For some images, noise was reduced with a Gaussian filter in ZEN (Zeiss).
Airyscan images were acquired using the Airyscan module on LSM800, LSM880, or
LSM900 confocal laser scanning microscopes (Zeiss) and processed in ZEN (Zeiss) after
acquisition. Care was taken that the imaging conditions (laser power, pixel-dwell time and

detector gain) did not cause phototoxicity (for live imaging), photobleaching or saturation.
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Selective photobleaching experiments were performed on zygotes expressing H2B-
mClover3 and H2B-mScarlet. In experiments where zygotes expressed H2B-mScarlet,
bleaching was done once chromosomes were already distributed on the nuclear surface
or right after NEBD. Bleaching was performed using the bleaching tool of ZEN (Zeiss) with
60% 561 laser power, scan speed 4, and three repeats. Z-projections were done by

maximum intensity projections of the indicated Z-stacks.
Human embryo imaging

Time-lapse images of human embryos were recorded using a GERI (Genea Biomedx)
system as part of routine IVF treatment with patient consent at Bourn Hall Clinic, under
Human Fertilization and Embryology Authority (HFEA) license for Center 0100. Imaging
was offered to patients for the purpose of selecting embryos with optimal implantation
potential. Videos were recorded using the. Data for the present study was obtained via

retrospective analysis of archived anonymized records.
Statistical analysis

Statistical significance based on paired or unpaired, two-tailed Student's t-test (for
absolute values) and two-tailed Fisher’s exact test (for categorical values) were calculated
in Prism (GraphPad). All box plots show median (horizontal black line), mean (small black
squares), 25" and 75™ percentiles (boxes), 5" and 95" percentiles (whiskers) and 15t and
99" percentiles (crosses). All data are from at least three independent experiments. P

values are indicated.
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Image analysis

DNA-Nuclear Pore Complex co-localization analysis was performed using Imaris version
9.2.1 (Bitplane). We used the Imaris spot tool to create a sphere for each nucleus. The
subsequent analysis was performed within the spheres. Using the surface tool on the NPC
channel, we identified the membrane regions containing nuclear pores. With the Imaris
co-localization analysis tool we computed the Pearson correlation coefficient between the

DNA and NPC signals.

The quantification of microtubule length was performed using Imaris spot tool. For
microtubules originating from the centrosome we marked the centrosome and the
opposite microtubule end and measured the distance between the two points. The
microtubule length at metaphase was measured from astral microtubules. For this
quantification we used zygotes fixed at metaphase and stained for microtubules (a-

tubulin) and DNA (DAPI).

The quantification of bleached and not bleached lagging chromosomes originated in
zygotes having pronuclei with equally condensed chromosomes (Fig. S4E) was
performed using Imaris. The Imaris surface detection tool was applied on the unbleached
channel (laser 488 — H2B-mClover3) to identify bulk chromatin and individual
chromosomes. For each zygote, we computed the average ratio of the H2B-mClover3 and
the H2B-mScarlet signals for three surfaces with bleached DNA (B) and for three surfaces
with unbleached DNA (U). We also computed the average ratio of the H2B-mClover3 and
the H2B-mScarlet for each lagging chromosome (LC). The quantities B and U were

calculated just after the bleaching. Lagging chromosomes with I1B - LCI < |U - LCIl were
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scored as bleached (clustered). Lagging chromosomes with IB - LCI > [U - LCI| were

scored as unbleached (distal).

The quantification of bleached and not bleached lagging chromosomes originated in
zygotes having a pronucleus with uncondensed chromosomes (Fig. S4, B and C) was
performed using Imaris. The Imaris surface detection tool was applied on the unbleached
channel (laser 488 — H2B-mClover3) to identify bulk chromatin and individual
chromosomes. For each zygote, we computed the ratio of the H2B-mClover3 and the
H2B-mScarlet signals in the bleached pronucleus (B) and in the unbleached pronucleus
(U). We also computed the average ratio of the H2B-mClover3 and the H2B-mScarlet for
each lagging chromosome (LC). The quantities B and U were calculated just after the
bleaching. Lagging chromosomes with IB - LCl < |[U - LCl were scored as bleached
(clustered). Lagging chromosomes with IB - LCI > U - LCl were scored as unbleached

(uncondensed).

The DNA distribution indexes (nuclear and surface occupancy indexes and the inner,
outer and maximal polarity indexes) were computed using Fiji (Rueden et al., 2017;
Schindelin et al.,, 2012)(1J2 v2.0.0-rc-71, 1J1 v1.52r) and MATLAB (v2018a, The
MathWorks, Inc.). A sphere is used to approximate each pronucleus, the center
coordinates S = (Sx, Sy, Sz) and radius R were calculated from points placed manually in
the image (Fit Sphere, BoneJ2 v6.1.1) (Doube et al., 2010). We developed the ImageJ
plugin liveim-drawspheres to compute pronuclei masks using S and R and a maximal
polarity direction per nucleus. For this, Gaussian filtered images of the DNA signal using
[ox, oy, 0z] equal to [8, 8, 0], [16, 16, O], [16, 16, 1], [32, 32, 0], [32, 32, 1], and [32, 32, 2]

pixels are calculated. The DNA intensity image and the pronucleus mask is used to
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compute the coordinates, CM, of the center of mass for the intensity distribution and for
extended maxima regions (MorphoLibJ v1.4.1) (Legland et al., 2016). For each center of
mass, the mean intensity in three equally spaced sphere sections along the vector p =
(CM — 8) is computed. This operation is performed for the raw and Gaussian filtered DNA
images and the orientation with the highest normalized mean fluorescence intensity in the
first region (the region facing the center of mass) approximates the direction of maximal
polarity pmax- The Imaged plugin also computes distance transform for each pronucleus
and defines sphere sections oriented along the line connecting the center of the nuclei.

These are used to compute the inner and outer polarity indexes.

In the last part of the workflow, a MATLAB script is used to extract the relevant quantities
per pronucleus. We first smoothed the DNA signal using a 2D median filter (3x3 pixels)
and a Gaussian filter (o = 1 pixel). To minimize the contribution of unbound H2B-
fluorescent protein, we derived a mask for the DNA, D, using an Otsu’s threshold thr(pre-
NEBD) (multithresh). The pixel values outside D are set to 0. The ratio of number of pixels

in D to the whole nucleus gives the:

# pixels in D

Nuclear occupancy = # pixels in Nucleus

The surface occupancy is calculated from:

Iouter
Surface occupancy =

Iouter + Iinner

Where 1,,:.r and I, are, respectively, the mean intensities in the region adjacent to the
nuclei surface and inside the nucleus. The distance transform is used to define the region

boundaries so to have equal number of pixels in both regions. For a perfect sphere this is
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~ 0.8 R. The sphere sections have been chosen to have equal heights h = 2R/3, yielding
equal outer surface areas, i.e. the area without the base of the sections. For sphere
sections oriented toward p,.x We computed the mean fluorescence intensity /x and

normalized it to obtain

P, (k) = e

3
j=1 Ij

Similarly, we computed mean intensities for sections oriented toward the opposite nucleus
to obtain P,(k), k =1, 2, 3. Where section 1 is the section in the direction of maximal
polarity/toward the other nucleus, 2 the central section, and 3 the section which is oriented
in the opposite direction. The maximal polarity is given by B, (1) the inner and outer

polarities are given by P,(1) and P,(3), respectively.

For time lapse data (Fig. 1C) the threshold thr(t) to segment the DNA is adapted per time
point. We computed the total intensity in D and adapted the threshold so that the total
intensity remains within 10% of the pre-NEBD value. Variation in intensity during
migration, is accounted for by computing a correction factor from the total non-segmented

DNA intensity at pre-NEBD and the respective time point.

Scripts and plugins are available at link: https://gitlab.gwdg.de/schuh-meiosis (active after

manuscript acceptance for publication, currently attached as additional material).


https://gitlab.gwdg.de/schuh-meiosis
https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary figure legends

Figure S1. Maternal and paternal chromosomes cluster at the pronuclear interface,

related to Figure 1.

(A) Cow zygotes non-injected and non-imaged or injected and imaged that developed into

blastocysts or developed abnormally.

(B) Inner and outer chromatin fraction indices before nuclear envelope breakdown.
(C) Nuclear occupancy index before nuclear envelope breakdown.

(D) Surface occupancy index before nuclear envelope breakdown.

(E) Representative stills from time-lapse movie of a zygote where the H2B-mScarlet
chromatin signal in the left pronucleus had been bleached upon nuclear envelope
breakdown. Green, DNA (H2B-mClover3). Magenta, DNA (H2B-mScarlet). Bleached
region is indicated by a yellow rectangle. The bleached DNA has a green signal, while the
unbleached DNA is visible both in green and magenta. Time, hours:minutes, 00:00 is

nuclear envelope breakdown. Z-projections, 7 sections every 1.76 ym.
(F) Distance spanned by pronuclei before nuclear envelope breakdown.
(G) Centrosome microtubule length at metaphase.

Data are from five (A), eleven (B, C, D), and two (F) independent experiments. Data in
(G) are from three zygotes obtained from two independent experiment. The number of
analyzed zygotes (A, F), pronuclei (B, C, D), or microtubules (G) is specified in italics.

Indicated p-value calculated using Fisher’s exact test. Scale bars, 10 um.
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Figure S2. Defective clustering leads to a delay in chromosome congression,

related to Figure 2.

(A-D) Quantification of chromatin distribution within pronuclei using the nuclear occupancy
index (A), surface occupancy index (B), inner chromatin fraction index (C), and outer

chromatin fraction index (D) in indicated groups.

(E) Time between nuclear envelope breakdown and anaphase onset in indicated zygote

groups.

(F) Time between nuclear envelope breakdown and the completion of chromosome
congression on the metaphase plate in indicated zygote groups. Zygotes that failed to

align all chromosomes before anaphase onset were excluded.

(G) 2-cell embryos with micronuclei that displayed chromosome congression defects

and/or lagging chromosomes during zygote mitosis.

Data are from eleven independent experiments. The number of analyzed pronuclei (A, B,
C, D, G) and zygotes (E, F) is specified in italics. Indicated p-value calculated using

unpaired two-tailed Student’s t test. Scale bars, 10 pym.

Figure S3. Live kinetochore visualization in zygotes having unclustered and

uncondensed chromosomes, related to Figure 2.

(A-B) Representative stills from time-lapse movies of zygotes classified as uncondensed
(A) and unclustered (B). Gray, microtubules (mClover3-MAP4-MTBD). Magenta, DNA

(H2B-miRFP). Green, kinetochores (mScarlet-hCenpC). Dashed lines indicate pronuclei
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with uncondensed or unclustered chromatin (yellow) and clustered chromatin (white).
Arrows point to uncondensed or distal chromosomes that join later the metaphase plate.
Several of these chromosomes subsequently form micronuclei, highlighted by white
dashed lines. Time, hours:minutes, 00:00 is nuclear envelope breakdown. Z-projections,

respectively 4 and 7 sections every 3.08 um. Scale bars, 10 ym.

Figure S4. Unclustered chromosomes are more likely to missegregate, related to

Figure 2.

(A) Representative stills from time-lapse movies of a zygote with one pronucleus having
uncondensed chromatin (yellow dashed line). The H2B-mScarlet chromatin signal in the
pronucleus with clustered chromatin (left) was bleached upon nuclear envelope
breakdown in the region indicated by the yellow rectangle. The bleached DNA has a green
signal, while the unbleached DNA is visible both in green and magenta. Lagging
chromosomes are magenta and green (arrows), indicating that they originated from the
uncondensed pronucleus. Green, DNA (H2B-mClover3). Magenta, DNA (H2B-mScarlet).
Dashed lines indicate micronuclei. Time, hours:minutes, 00:00 is nuclear envelope
breakdown. Z-projections, 9 sections every 1.76 um. (B) Number of lagging chromosomes
originated from pronuclei with clustered DNA (bleached) or uncondensed DNA (not
bleached). (C) Percentage of total lagging chromosomes originated from pronuclei with
clustered DNA (bleached) or uncondensed DNA (not bleached). (D) Representative stills
from time-lapse movies of a zygote with unclustered chromosomes. The H2B-mScarlet
chromatin signal between pronuclei was bleached before nuclear envelope breakdown in

the region indicated by the yellow rectangle. Lagging chromosomes are magenta and
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green (arrows), indicating that they were not bleached and were peripheral chromosomes.
Green, DNA (H2B-mClover3). Magenta, DNA (H2B-mScarlet). Dashed lines indicate
micronuclei. Time, hours:minutes, 00:00 is nuclear envelope breakdown. Z-projections,
18 sections every 1.76 um. (E) Percentage of total lagging chromosomes originated from
clustered DNA (bleached) or distal DNA (not bleached). (F) Zygotes displaying mitotic
errors after bleaching and in reference data set (Fig. 2J, merge of clustered and
unclustered groups). Data are from four (B, C, E, F-bleached embryos) and eleven (F-
reference data set) independent experiments. The number of analyzed zygotes is
specified in italics. Indicated p-value calculated using Fisher’s exact test. Scale bars, 10

um.

Figure S5. Effects of KASH5-DN, nocodazole, and P150-CC1 treatments, related to

Figure 4.

(A) Representative image of a zygote expressing mClover3-KASH5-DN (green) and H2B-

mScarlet (DNA, magenta).

(B-G) Representative images and quantification of zygotes in indicated groups displaying,
upon KASHS5-DN treatment, detached centrosomes (B and C), pronuclear migration
defects (D and E) or separate spindles at anaphase onset (F and G). Gray, microtubules
(mClover3-MAP4-MTBD). Magenta, DNA (H2B-mScarlet). Arrows indicate detached
centrosomes and dashed lines indicate pronuclear envelopes. Z-projection, respectively

4,7,5, 8,4, and 10 sections every 2.50 ym.

(H) Nuclear and surface occupancy indices in zygotes expressing GST or KASH5-DN.
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(I) Zygotes treated with DMSO or nocodazole that displayed or not pronuclear migration

defects.

(J) Nuclear and surface occupancy indices in zygotes treated with DMSO or nocodazole.

(K) Nuclear and surface occupancy indices in zygotes injected with BSA or P150-CC1.

Data are from four (C, E, G, H, K) and six (I, J) independent experiments. The number of
analyzed zygotes (C, E, G, |) and pronuclei (H, K, L) is specified in italics. Indicated p-
values calculated using Fisher’'s exact test (C, E, G, |) and unpaired two-tailed Student’s

t-test (H, J, K). Scale bars, 10 pm.

Figure S6. Centromeres, telomeres, Sun1, Lamin B, and Lamin A/C do not cluster

at the pronuclear interface. Related to Figures 4-6.

(A) Representative immunofluorescence images of centromeres distribution within a
pronucleus. Gray, transmission. Magenta, DNA (DAPI). Green, centromeres (ACA).
Single section confocal microscopy. Dashed lines indicate pronucleus and nucleoli.

Arrows indicate centromeres. Outlined regions magnified in the top right corner.

(B) Centromeres in the nucleoplasm or at the nuclear envelope.

(C) Centromeres at nucleoli or away from nucleoli.

(D) Representative immunofluorescence images of telomere distribution within a
pronucleus. Gray, transmission. Magenta, DNA (DAPI). Green, telomeres (Trf1). Single
section confocal microscopy. Dashed lines indicate pronucleus and nucleoli. Arrows

indicate telomeres. Outlined regions magnified in the top right corner.
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(E) Telomeres in the nucleoplasm or at the nuclear envelope.

(F) Telomeres at nucleoli or away from nucleoli.

(G) Representative immunofluorescence images of zygotes stained with Sun1 (Green),
Nuclear pore complex (Orange) and DNA (DAPI, Magenta). Outlined regions magnified

on the bottom. Single section Airyscan microscopy.

(H-I) Representative immunofluorescence images of zygotes stained with Lamin B (H) or
Lamin A/C (l) (Green) and DNA (DAPI, Magenta). Respectively, single section Airyscan

microscopy and single section confocal microscopy.

(J) Representative stills from time-lapse movies of zygotes expressing mClover3-NPM1
(nucleoli, green) and H2B-mScarlet (DNA, magenta). Time, hours:minutes, 00:00 is

nuclear envelope breakdown. Z-projections, 8 sections every 2.50 pym.

Data are from five embryos (two pronuclei each) generated in a single experiment. The
number of analyzed telomeres (B, C) and centromeres (E, F) is specified in italics. Scale

bars, 10 pm.
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Supplementary movie legends

Movie S1. Bovine embryo development from zygote to 8-cell stage, related to Figure

1.

Time-lapse movies of bovine zygotes undergoing the first cell divisions. Time,

hours:minutes, 00:00 is nuclear envelope breakdown.

Part I: A system for high resolution live cell microscopy of early bovine embryo
development. Zygote expressing mClover3-MAP4-MTBD (gray, microtubules) and H2B-

mScarlet (magenta, DNA). Z-projections, 8 sections every 2.50 ym.

Part 1l: Chromosome segregation errors during the first mitotic division (mild). Zygote
expressing mClover3-MAP4-MTBD (gray, microtubules) and H2B-mScarlet (magenta,

DNA). Z-projections, 19 sections every 2.50 pm.

Part 1ll: Chromosome segregation errors during the first mitotic division (severe). Zygote
expressing mClover3-MAP4-MTBD (gray, microtubules) and H2B-mScarlet (magenta,

DNA). Z-projections, 17 sections every 2.50 uym.

Movie S2. The maternal and paternal chromosomes occupy partially distinct

territories in the metaphase plate of the zygote spindle, related to Figure 1.

Time-lapse movie of a zygote expressing mClover3-H2B (green, DNA) and H2B-mScarlet
(magenta, DNA). Rectangle indicates region bleached using the 561 laser. Time,
hours:minutes, 00:00 is nuclear envelope breakdown. Z-projections, 18 sections every

1.76 uym.
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Movie S3. Chromosomes in the pronucleus with uncondensed chromatin lag

behind during anaphase, related to Figure 2.

Time-lapse movies of zygotes having one uncondensed pronucleus undergoing mitosis.
Arrowheads indicate chromosomes that fail to align at the metaphase plate, lag after
anaphase, and eventually form micronuclei, dotted circles. Time, hours:minutes, 00:00 is

nuclear envelope breakdown.

Part I: Zygotes with an uncondensed pronucleus have chromosome segregation errors.
Zygote expressing mClover3-MAP4-MTBD (gray, microtubules) and H2B-mScarlet

(magenta, DNA). Z-projections, 12 sections every 2.50 ym.

Part II: Kinetochores in the uncondensed pronucleus are less accessible than those at the
surface of condensed pronuclei. Zygote expressing mScarlet-hCenpC (green,
kinetochores), mClover3-MAP4-MTBD (gray, microtubules) and H2B-miRFP (magenta,

DNA). Z-projections, 4 sections every 3.08 uym.

Part Ill: Chromosome segregation errors originate from uncondensed pronucleus. Zygote
expressing mClover3-H2B (green, DNA) and H2B-mScarlet (magenta, DNA). Rectangle
indicates region bleached on the condensed pronucleus, using the 561 laser. Z-

projections, 10 sections every 1.76 um.

Movie S4. Unclustered chromosomes lag behind during anaphase, related to Figure

2,

Time-lapse movies of zygotes having one unclustered pronucleus undergoing mitosis.

Arrowheads indicate chromosomes that fail to align at the metaphase plate, lag after
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anaphase, and eventually form micronuclei, dotted circles. Time, hours:minutes, 00:00 is

nuclear envelope breakdown.

Part |: Zygotes with an unclustered pronucleus and chromosome segregation errors.
Zygote expressing mClover3-MAP4-MTBD (gray, microtubules) and H2B-mScarlet

(magenta, DNA). Z-projections, 12 sections every 2.50 uym.

Part Il: Chromosomes that do not cluster at the pronuclear interface congress late and
segregate incorrectly. Zygote expressing mScarlet-hCenpC (green, kinetochores),
mClover3-MAP4-MTBD (gray, microtubules) and H2B-miRFP (magenta, DNA). Z-

projections, 4 sections every 3.08 um.

Part 1ll: Chromosomes distal from the pronuclear interface are missegregated. Zygote
expressing mClover3-H2B (green, DNA) and H2B-mScarlet (magenta, DNA). Rectangle
indicates region bleached at pronuclear interface, using the 561 laser. Z-projections, 17

sections every 1.76 ym

Movie S5. Centrosomes, microtubules, and dynein pre-unite chromosomes within

intact pronuclei, related to Figure 4.

Time-lapse movies of zygotes treated with different perturbation to affect the function of,
respectively, centrosomes, microtubules, and dynein. Time, hours:minutes, 00:00 is

nuclear envelope breakdown.

Part I: Centrosomes are required for chromosome clustering. Three zygotes expressing

mClover3-MAP4-MTBD (gray, microtubules), H2B-mScarlet (magenta, DNA), and GST
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(left) or KASH5-DN (middle and right). Arrowheads indicate detached centrosomes before

and after nuclear envelope breakdown. Z-projections, 9 sections every 3.08 um.

Part II: Microtubules are required for chromosome clustering. Two zygotes expressing
mClover3-MAP4-MTBD (gray, microtubules) and H2B-mScarlet (magenta, DNA) treated
with DMSO (left) or nocodazole (right). Z-projections, respectively 7 and 8 sections every

2.50 uym.

Part lll: Dynein is required for chromosome clustering. Two zygotes expressing mClover3-
MAP4-MTBD ( gray, microtubules) and H2B-mScarlet (magenta, DNA) injected with BSA

(left) or P150-CC1 (right). Z-projections, respectively 8 and 13 sections every 2.50 ym

Movie S6. Annulate lamellae move toward centrosomes at the pronuclear interface,

related to Figure 5.

Time-lapse movie of a zygote expressing mClover3-MAP4-MTBD (orange, microtubules)
and POM121-mScarlet (green, nuclear pore complexes). Arrowheads indicate annulate
lamellae moving toward the centrosomes. Time, hours:minutes, 00:00 is nuclear envelope

breakdown. Single sections confocal microscopy.

Movie S7. Nuclear pore complexes cluster with chromatin at the pronuclear

interface, related to Figure 5.

Airyscan sections of a zygote stained for microtubules nuclear pore complexes (green,

NPC-Mab414), (orange, a-tubulin), and DNA (magenta, DAPI). Outlined regions
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magnified on the bottom. Centrosomes, nuclear pore complexes, and annulate lamellae

are indicated. One section corresponds to 0.18 ym, as indicated.

Movie S8. Nucleoli as a read out of chromosome clustering and blastocyst

development in human embryos, related to Figure 6.

Time-lapse movies of two human embryos. Left embryo at the zygote stage has clustered
nucleoli before nuclear envelope breakdown and it develops into blastocyst. Right embryo

has unclustered nucleoli and does not develop into blastocyst.

Time, hours:minutes, 00:00 is nuclear envelope breakdown in the zygote.

References

Azzarello, A., Hoest, T., and Mikkelsen, A.L. (2012). The impact of pronuclei morphology
and dynamicity on live birth outcome after time-lapse culture. Hum Reprod 27, 2649-2657.
Beaudouin, J., Gerlich, D., Daigle, N., Eils, R., and Ellenberg, J. (2002). Nuclear envelope
breakdown proceeds by microtubule-induced tearing of the lamina. Cell 7108, 83-96.
Benkhalifa, M., Kasakyan, S., Clement, P., Baldi, M., Tachdjian, G., Demirol, A., Gurgan,
T., Fiorentino, F., Mohammed, M., and Qumsiyeh, M.B. (2005). Array comparative
genomic hybridization profiling of first-trimester spontaneous abortions that fail to grow in
vitro. Prenat Diagn 25, 894-900.

Bernal-Ulloa, S.M., Heinzmann, J., Herrmann, D., Hadeler, K.G., Aldag, P., Winkler, S.,
Pache, D., Baulain, U., Lucas-Hahn, A., and Niemann, H. (2016). Cyclic AMP Affects
Oocyte Maturation and Embryo Development in Prepubertal and Adult Cattle. PLoS One
11, e0150264.

Bolhy, S., Bouhlel, I., Dultz, E., Nayak, T., Zuccolo, M., Gatti, X., Vallee, R., Ellenberg, J.,
and Doye, V. (2011). A Nup133-dependent NPC-anchored network tethers centrosomes
to the nuclear envelope in prophase. Journal of Cell Biology 792, 855-871.

Bolkova, J., and Lanctot, C. (2016). Live imaging reveals spatial separation of parental
chromatin until the four-cell stage in Caenorhabditis elegans embryos. Int J Dev Biol 60,
5-12.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Bone, C.R., and Starr, D.A. (2016). Nuclear migration events throughout development. J
Cell Sci 129, 1951-1961.

Borsos, M., Perricone, S.M., Schauer, T., Pontabry, J., de Luca, K.L., de Vries, S.S., Ruiz-
Morales, E.R., Torres-Padilla, M.-E., and Kind, J. (2019). Genome—lamina interactions are
established de novo in the early mouse embryo. Nature.

Chen, X., Ke, Y., Wu, K., Zhao, H., Sun, Y., Gao, L., Liu, Z., Zhang, J., Tao, W., Hou, Z.,
et al. (2019). Key role for CTCF in establishing chromatin structure in human embryos.
Nature 576, 306-310.

Coticchio, G., Mignini Renzini, M., Novara, P.V., Lain, M., De Ponti, E., Turchi, D., Fadini,
R., and Dal Canto, M. (2018). Focused time-lapse analysis reveals novel aspects of
human fertilization and suggests new parameters of embryo viability. Hum Reprod 33, 23-
31.

Courtois, A., Schuh, M., Ellenberg, J., and Hiiragi, T. (2012). The transition from meiotic
to mitotic spindle assembly is gradual during early mammalian development. J Cell Biol
198, 357-370.

Cowan, C.R., and Hyman, A.A. (2004). Centrosomes direct cell polarity independently of
microtubule assembly in C. elegans embryos. Nature 437, 92-96.

Cruz, M., Gadea, B., Garrido, N., Pedersen, K.S., Martinez, M., Perez-Cano, |., Munoz,
M., and Meseguer, M. (2011). Embryo quality, blastocyst and ongoing pregnancy rates in
oocyte donation patients whose embryos were monitored by time-lapse imaging. J Assist
Reprod Genet 28, 569-573.

Destouni, A., Zamani Esteki, M., Catteeuw, M., Tsuiko, O., Dimitriadou, E., Smits, K.,
Kurg, A., Salumets, A., Van Soom, A., Voet, T., et al. (2016). Zygotes segregate entire
parental genomes in distinct blastomere lineages causing cleavage-stage chimerism and
mixoploidy. Genome Res 26, 567-578.

Doube, M., Klosowski, M.M., Arganda-Carreras, |., Cordelieres, F.P., Dougherty, R.P.,
Jackson, J.S., Schmid, B., Hutchinson, J.R., and Shefelbine, S.J. (2010). BoneJ: Free and
extensible bone image analysis in Imaged. Bone 47, 1076-1079.

Faramarzi, A., Khalili, M.A., Omidi, M., Agha-Rahimi, A., and Taheri, F. (2018). Pronuclear
pattern does not predict morphokinetics behavior in human embryos. Gynecological
Endocrinology 34, 248-251.

Fishman, E.L., Jo, K., Nguyen, Q.P.H., Kong, D., Royfman, R., Cekic, A.R., Khanal, S.,
Miller, A.L., Simerly, C., Schatten, G., et al. (2018). A novel atypical sperm centriole is
functional during human fertilization. Nature Communications 9.

Fogarty, N.M.E., McCarthy, A., Snijders, K.E., Powell, B.E., Kubikova, N., Blakeley, P.,
Lea, R., Elder, K., Wamaitha, S.E., Kim, D., et al. (2017). Genome editing reveals a role
for OCT4 in human embryogenesis. Nature 550, 67-73.

Fritz, B., Hallermann, C., Olert, J., Fuchs, B., Bruns, M., Aslan, M., Schmidt, S., Coerdt,
W., Muntefering, H., and Rehder, H. (2001). Cytogenetic analyses of culture failures by
comparative genomic hybridisation (CGH)-Re-evaluation of chromosome aberration rates
in early spontaneous abortions. Eur J Hum Genet 9, 539-547.

Fulka, H., Kyogoku, H., Zatsepina, O., Langerova, A., and Fulka, J., Jr. (2015). Can
Nucleoli Be Markers of Developmental Potential in Human Zygotes? Trends Mol Med 21,
663-672.

Gonczy, P., Pichler, S., Kirkham, M., and Hyman, A.A. (1999). Cytoplasmic dynein is
required for distinct aspects of MTOC positioning, including centrosome separation, in the
one cell stage Caenorhabditis elegans embryo. J Cell Biol 147, 135-150.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Guerif, F., Le Gouge, A., Giraudeau, B., Poindron, J., Bidault, R., Gasnier, O., and Royere,
D. (2007). Limited value of morphological assessment at days 1 and 2 to predict blastocyst
development potential: a prospective study based on 4042 embryos. Hum Reprod 22,
1973-1981.

Heald, R., and Khodjakov, A. (2015). Thirty years of search and capture: The complex
simplicity of mitotic spindle assembly. J Cell Biol 277, 1103-1111.

Hewitson, L., Simerly, C.R., and Schatten, G. (2002). Fate of sperm components during
assisted reproduction: implications for infertility. Hum Fertil (Camb) 5, 110-116.

Hu, D.J., Baffet, A.D., Nayak, T., Akhmanova, A., Doye, V., and Vallee, R.B. (2013).
Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry
in brain progenitor cells. Cell 154, 1300-1313.

Jachowicz, J.W., Santenard, A., Bender, A., Muller, J., and Torres-Padilla, M.E. (2013).
Heterochromatin establishment at pericentromeres depends on nuclear position. Genes
Dev 27, 2427-2432.

James, A.N., Hennessy, S., Reggio, B., Wiemer, K., Larsen, F., and Cohen, J. (2006).
The limited importance of pronuclear scoring of human zygotes. Hum Reprod 27, 1599-
1604.

Klare, K., Weir, J.R., Basilico, F., Zimniak, T., Massimiliano, L., Ludwigs, N., Herzog, F.,
and Musacchio, A. (2015). CENP-C is a blueprint for constitutive centromere-associated
network assembly within human kinetochores. J Cell Biol 210, 11-22.

Kort, D.H., Chia, G., Treff, N.R., Tanaka, A.J., Xing, T., Vensand, L.B., Micucci, S.,
Prosser, R., Lobo, R.A., Sauer, M.V,, et al. (2016). Human embryos commonly form
abnormal nuclei during development: a mechanism of DNA damage, embryonic
aneuploidy, and developmental arrest. Hum Reprod 37, 312-323.

Lee, A., and Kiessling, A.A. (2017). Early human embryos are naturally aneuploid-can that
be corrected? J Assist Reprod Genet 34, 15-21.

Legland, D., Arganda-Carreras, I., and Andrey, P. (2016). MorphoLibJ: integrated library
and plugins for mathematical morphology with Imaged. Bioinformatics 32, 3532-3534.
Lequarre, A.S., Marchandise, J., Moreau, B., Massip, A., and Donnay, . (2003). Cell cycle
duration at the time of maternal zygotic transition for in vitro produced bovine embryos:
effect of oxygen tension and transcription inhibition. Biol Reprod 69, 1707-1713.

Li, L., Lu, X., and Dean, J. (2013). The maternal to zygotic transition in mammals.
Molecular Aspects of Medicine 34, 919-938.

Lightfoot, D.A., Kouznetsova, A., Mahdy, E., Wilbertz, J., and Hoog, C. (2006). The fate
of mosaic aneuploid embryos during mouse development. Dev Biol 289, 384-394.
Liman, E.R., Tytgat, J., and Hess, P. (1992). Subunit stoichiometry of a mammalian K+
channel determined by construction of multimeric cONAs. Neuron 9, 861-871.

Lindeman, R.E., and Pelegri, F. (2012). Localized products of futile cycle/lrmp promote
centrosome-nucleus attachment in the zebrafish zygote. Curr Biol 22, 843-851.

Macklon, N.S., Geraedts, J.P., and Fauser, B.C. (2002). Conception to ongoing
pregnancy: the 'black box' of early pregnancy loss. Hum Reprod Update 8, 333-343.
Magidson, V., O'Connell, C.B., Loncarek, J., Paul, R., Mogilner, A., and Khodjakov, A.
(2011). The spatial arrangement of chromosomes during prometaphase facilitates spindle
assembly. Cell 146, 555-567.

Malone, C.J., Misner, L., Le Bot, N., Tsai, M.C., Campbell, J.M., Ahringer, J., and White,
J.G. (2003). The C. elegans hook protein, ZYG-12, mediates the essential attachment
between the centrosome and nucleus. Cell 715, 825-836.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mashiko, D., lkeda, Z., Yao, T., Tokoro, M., Fukunaga, N., Asada, Y., and Yamagata, K.
(2020). Chromosome segregation error during early cleavage in mouse pre-implantation
embryo does not necessarily cause developmental failure after blastocyst stage. Sci Rep
10, 854.

Mayer, W., Smith, A., Fundele, R., and Haaf, T. (2000). Spatial separation of parental
genomes in preimplantation mouse embryos. J Cell Biol 748, 629-634.

McCoy, R.C. (2017). Mosaicism in Preimplantation Human Embryos: When Chromosomal
Abnormalities Are the Norm. Trends Genet 33, 448-463.

McCoy, R.C., Demko, Z., Ryan, A., Banjevic, M., Hill, M., Sigurjonsson, S., Rabinowitz,
M., Fraser, H.B., and Petrov, D.A. (2015a). Common variants spanning PLK4 are
associated with mitotic-origin aneuploidy in human embryos. Science 348, 235-238.
McCoy, R.C., Demko, Z.P., Ryan, A., Banjevic, M., Hill, M., Sigurjonsson, S., Rabinowitz,
M., and Petrov, D.A. (2015b). Evidence of Selection against Complex Mitotic-Origin
Aneuploidy during Preimplantation Development. PLoS Genet 77, e1005601.

Milo, R., and Phillips, R. (2016). Cell biology by the numbers (New York, NY, USA:
Garland Science, Taylor & Francis Group).

Minn, I.L., Rolls, M.M., Hanna-Rose, W., and Malone, C.J. (2009). SUN-1 and ZYG-12,
mediators of centrosome-nucleus attachment, are a functional SUN/KASH pair in
Caenorhabditis elegans. Mol Biol Cell 20, 4586-4595.

Navara, C.S., First, N.L., and Schatten, G. (1994). Microtubule organization in the cow
during fertilization, polyspermy, parthenogenesis, and nuclear transfer: the role of the
sperm aster. Dev Biol 162, 29-40.

Niakan, K.K., Han, J., Pedersen, R.A., Simon, C., and Pera, R.A. (2012). Human pre-
implantation embryo development. Development 139, 829-841.

Ottolini, C.S., Kitchen, J., Xanthopoulou, L., Gordon, T., Summers, M.C., and Handyside,
A.H. (2017). Tripolar mitosis and partitioning of the genome arrests human
preimplantation development in vitro. Sci Rep 7, 9744.

Panic, B., Whyte, J.R., and Munro, S. (2003). The ARF-like GTPases Arl1p and Arl3p act
in a pathway that interacts with vesicle-tethering factors at the Golgi apparatus. Curr Biol
13, 405-410.

Payne, C., Rawe, V., Ramalho-Santos, J., Simerly, C., and Schatten, G. (2003).
Preferentially localized dynein and perinuclear dynactin associate with nuclear pore
complex proteins to mediate genomic union during mammalian fertilization. J Cell Sci 716,
4727-4738.

Popken, J., Graf, A., Krebs, S., Blum, H., Schmid, V.J., Strauss, A., Guengoer, T.,
Zakhartchenko, V., Wolf, E., and Cremer, T. (2015). Remodeling of the Nuclear Envelope
and Lamina during Bovine Preimplantation Development and Its Functional Implications.
PLoS One 10, e0124619.

Quintyne, N.J., Gill, S.R., Eckley, D.M., Crego, C.L., Compton, D.A., and Schroer, T.A.
(1999). Dynactin is required for microtubule anchoring at centrosomes. J Cell Biol 747,
321-334.

Reichmann, J., Nijmeijer, B., Hossain, M.J., Eguren, M., Schneider, I., Politi, A.Z., Roberti,
M.J., Hufnagel, L., Hiiragi, T., and Ellenberg, J. (2018). Dual-spindle formation in zygotes
keeps parental genomes apart in early mammalian embryos. Science 367, 189-193.
Rueden, C.T., Schindelin, J., Hiner, M.C., DeZonia, B.E., Walter, A.E., Arena, E.T., and
Eliceiri, KW. (2017). ImageJ2: ImagedJ for the next generation of scientific image data.
BMC Bioinformatics 718, 529.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sato, A, Isaac, B., Phillips, C.M., Rillo, R., Carlton, P.M., Wynne, D.J., Kasad, R.A., and
Dernburg, A.F. (2009). Cytoskeletal forces span the nuclear envelope to coordinate
meiotic chromosome pairing and synapsis. Cell 139, 907-919.

Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source
platform for biological-image analysis. Nat Methods 9, 676-682.

Schuh, M., and Ellenberg, J. (2007). Self-Organization of MTOCs Replaces Centrosome
Function during Acentrosomal Spindle Assembly in Live Mouse Oocytes. Cell 130, 484-
498.

Shibuya, H., Morimoto, A., and Watanabe, Y. (2014). The dissection of meiotic
chromosome movement in mice using an in vivo electroporation technique. PLoS Genet
10, e1004821.

Simmet, K., Zakhartchenko, V., Philippou-Massier, J., Blum, H., Klymiuk, N., and Wolf, E.
(2018). OCT4/POUSF1 is required for NANOG expression in bovine blastocysts. Proc Natl
Acad SciU S A 115, 2770-2775.

So, C., Seres, K.B., Steyer, A.M., Monnich, E., Clift, D., Pejkovska, A., Mobius, W., and
Schuh, M. (2019). A liquid-like spindle domain promotes acentrosomal spindle assembly
in mammalian oocytes. Science (New York, NY) 364.

Splinter, D., Tanenbaum, M.E., Lindqvist, A., Jaarsma, D., Flotho, A., Yu, K.L., Grigoriev,
l., Engelsma, D., Haasdijk, E.D., Keijzer, N., et al. (2010). Bicaudal D2, dynein, and
kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear
positioning during mitotic entry. PLoS Biology 8.

Stewart-Hutchinson, P.J., Hale, C.M., Wirtz, D., and Hodzic, D. (2008). Structural
requirements for the assembly of LINC complexes and their function in cellular mechanical
stiffness. Exp Cell Res 374, 1892-1905.

Swain, J.E. (2013). Could time-lapse embryo imaging reduce the need for biopsy and
PGS? J Assist Reprod Genet 30, 1081-1090.

Tesarik, J., and Greco, E. (1999). The probability of abnormal preimplantation
development can be predicted by a single static observation on pronuclear stage
morphology. Hum Reprod 74, 1318-1323.

Thompson, S.L., and Compton, D.A. (2008). Examining the link between chromosomal
instability and aneuploidy in human cells. J Cell Biol 180, 665-672.

Thompson, S.L., and Compton, D.A. (2011). Chromosome missegregation in human cells
arises through specific types of kinetochore-microtubule attachment errors. Proc Natl
Acad SciU S A 108, 17974-17978.

Van Blerkom, J., Davis, P., Merriam, J., and Sinclair, J. (1995). Nuclear and cytoplasmic
dynamics of sperm penetration, pronuclear formation and microtubule organization during
fertilization and early preimplantation development in the human. Hum Reprod Update 17,
429-461.

van de Werken, C., van der Heijden, G.W., Eleveld, C., Teeuwssen, M., Albert, M.,
Baarends, W.M., Laven, J.S., Peters, A.H., and Baart, E.B. (2014). Paternal
heterochromatin formation in human embryos is H3K9/HP1 directed and primed by
sperm-derived histone modifications. Nat Commun 5, 5868.

van Echten-Arends, J., Mastenbroek, S., Sikkema-Raddatz, B., Korevaar, J.C.,
Heineman, M.J., van der Veen, F., and Repping, S. (2011). Chromosomal mosaicism in
human preimplantation embryos: a systematic review. Hum Reprod Update 717, 620-627.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.269779; this version posted August 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Vanneste, E., Voet, T., Le Caignec, C., Ampe, M., Konings, P., Melotte, C., Debrock, S.,
Amyere, M., Vikkula, M., Schuit, F., et al. (2009). Chromosome instability is common in
human cleavage-stage embryos. Nat Med 15, 577-583.

Vazquez-Diez, C., Yamagata, K., Trivedi, S., Haverfield, J., and FitzHarris, G. (2016).
Micronucleus formation causes perpetual unilateral chromosome inheritance in mouse
embryos. Proc Natl Acad Sci U S A 713, 626-631.

Vera-Rodriguez, M., Chavez, S.L., Rubio, C., Reijo Pera, R.A., and Simon, C. (2015).
Prediction model for aneuploidy in early human embryo development revealed by single-
cell analysis. Nat Commun 6, 7601.

Wang, W., Budhu, A., Forgues, M., and Wang, X.W. (2005). Temporal and spatial control
of nucleophosmin by the Ran-Crm1 complex in centrosome duplication. Nat Cell Biol 7,
823-830.

Woolley, D.M., and Fawcett, D.W. (1973). The degeneration and disappearance of the
centrioles during the development of the rat spermatozoon. Anat Rec 177, 289-301.
Wuhr, M., Tan, E.S., Parker, S.K., Detrich, H.W., 3rd, and Mitchison, T.J. (2010). A model
for cleavage plane determination in early amphibian and fish embryos. Curr Biol 20, 2040-
2045.

Zeng, X., Li, K., Yuan, R., Gao, H., Luo, J., Liu, F., Wu, Y., Wu, G., and Yan, X. (2018).
Nuclear Envelope-Associated Chromosome Dynamics during Meiotic Prophase |.
Frontiers in Cell and Developmental Biology 5, 1-13.


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 1

A

Pronuclear
contact

Chromosome
clustering

Nuclear envelope
breakdown

Spindle Assembly

Anaphase

Telophase

2-cell embryo

Merge

DNA

EDNA OMicrotubules

Pronuclear
migration

Onset of
polarization

Pronuclear
migration
completed

Chromatin
compaction and
peripheral
distribution

- -15 h:42 min
B DNA OMicrotubules

(9]

1.09

0.8

Chromatin distribution index

Inner
chromatin
fraction

Surface Nuclear

occupancy occupancy
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1
14 43 12 11 10 -9 8 7 6 5 S

Hours before nuclear envelope breakdown

Inner or Outer
chromatin fraction =
Mean chromatin signal of section /
Sum of mean chromatin signal of all sections

Nuclear occupancy =
Chromatin volume /
Nuclear volume

//‘7\\\_

B DNA ECentromeres
OMicrotubules

<n
@
=]
2
=]
2
Q
Q
=

F

Surface occupancy =
Outer chromatin signal /
Total chromatin signal

EDNA Ey-tubulin
OMicrotubules

x

y-tubulin



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2
A DNA DNA DNA

“Unclustered
) Uncondensed

‘/‘Clustered

B Micronuclei
<
4
(=)
el
@
[7]
C | pESREEUNN e e SRR B R T S s RS O e SR U R Re | IR PR e S Al S ety (R BRREARE . RS UL s U T Ru
[}
el
| =
aQ
o
| =
-]
[}
9 £
g I
= |
|
S 04:20
B DNA OMicrotubules
C Micronuclei
el
o
2
[%]
e |
©
=
-]
Clustered'\
/
—  -00'h4Quin

EDNA OMicrotubules

D Congression defect E £24 18 17 F Lagging chromosomes G 47 16 17
p<0.001 p<0.001
100 p=0.106 p=0.038 s p=0.033 p=0.010
'
80— 80—
» »
3 ] i
© 60 ) © 60-] m Lagging
< ] Defective 2 chromosomes
N congression N No lagging
‘5 40 g Normal G 40 B chromosomes
x congression N
204 P 20+
o- o
o o o o ° o
9] 9] Q 9] 9] Q
<4 b= @ -4 = 1]
2 2 < 2 2 <
1] 1] o] 1] 1] o]
2 3 B2 3 > e
. o 2 q - o e Q
EDNA OMicrotubules =) 2 EDNA OMicrotubules =) £
] ]
H Micronuclei I 47 16 17 J 47 16 17
p<0.001 p<0.001
S p<0.001  p=0.080 {00 p=0.017  p=0.025
80— 80
» » o
o 9 M Mitotic error
S, 60 B Micronuclei S, 80 (congression defects,
= . . 2 lagging chromosomes,
S 40 & No micronuclei o g and micronuclei)
o 7 = .
[ No mitotic error
x X
204 20—
0- (=

Clustered
Unclustered
Clustered
Unclustered

BDNA OMicrotubules

Uncondensed
Uncondensed


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

EDNA OMicrotubules

A 60— 80
$ 40
s : Interface
o 3 centrosome
N
—
220 1
E Distal
centrosome
o T T T T T T

One or two centrosomes

at pronuclear interface

E M Clustered chromosomes
O Unclustered chromosomes

55 8
=0.021
100+ e
80
P
o
S 60-]
(2]
> 4
N
‘S 40
X ]
20
o
1+ 0

Centrosomes at
pronuclear interface

No centrosome
at pronuclear interface

F M Segregation error G
[ No segregation error
% =002 = % 5<0.001
=0, [} <0.
00 i S .S 120 P
o=
2w
1 08
2 = 100
80 oS |
T O
3 o £ 80
5 604 co J
g 6o s¢
S c & 60
G 40+ T w0 1
SE Z 5 4
oS 4
20 2 2
%) % 20—
J L
29
0 £ 0 o
el
1+ 0 1+ 0

Centrosomes at
pronuclear interface

Centrosomes at
pronuclear interface

[

% of centrosomes

H Proximal chromosomes D 110 16 110 16
[ No proximal chromosomes 10_ p<0.001 p<0.001
96 51
100 ~ 4
] B os]
= £
8 80 c 4
<3 206
£ |3}
©
S 60 8
S £ 044
]
o ©
= 404 =4 ]
£ Loz
3 20 o |
a
00 T T T T
1+ 0 1+ 0

Interface Distal Centrosomes at
Centrosome position pronuclear interface
Inner Outer
chromatin  chromatin
fraction fraction

H M Segregation error
[ No segregation error

5
p=0.002

<30 min 230 min

Genome unification


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

GST

KASH5-DN

m

DMSO

Nocodazole

B 16 22
p=0.016
1.0+ N
w 067
[9)
el
=
=, 0.6
-~
=
o©
o ¥
Q 0.4
x
©
= 02
oobgqr—p—
= Z
23
O ¥
I
)
<
X
Max Polarity
30 38
p=0.001
1.07
x
5 08{ ]
N
el
.=
. 067
=
=
o] g
9]
8 0.4
x
©
= 2]
[ e

DMSO
Nocodazole

Max Polarity

0
Q
(=3
Tel
o

Max polarity =
Mean chromatin signal of section with highest polarity /
Sum of mean chromatin signal of all sections

Drectlon@

Direction of
chromatin polarity

chromatin polarity

EDNA [OMicrotubules Merge

H 28 30
p<0.001
—

o o o
P

Max polarity index

o
N
I

S S

BSA
P150-CC1

Max Polarity


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

>
«Q
c
=
(1]
a

Annulate

lamellae
Annulate 1]

lamellae

Nuclear pore

\J

-09 h:35 min & £ -07:55
O Microtubules B Nuclear pore complexes (POM121

w

Pronuclear migration Pronuclear migration completed

Nuclear pore
complexes

S 4

Annulate

Annulate
lamellae
lamellae .‘/ G

2 Nuclear pore

! complexes
;/ P A Annulate
lamellae

Nuclear pore ' Nuclear pore
. — complexes
complexes ] P!

1]
1}
x
o
o
E
qQ
o
2
5}
o
o
©
o
o
o §
Z
=]

~

Annulate Annulate

EETDEAY © lamellae
lamellae " -

2 Nuclear pore

/ complexes Centrosome: Annulate

lamellae
Centrosome

Nuclear pore/z’ : Nuclear pore_
complexes 4 complexes

v

O Microtubules
E Nuclear pore complexes

D

Nuclear pore
complexes (Elys)

Pearson's Coefficient

Chromatin and
nuclear pore complex
colocalization _06 K:10 min
B DNA HENuclear pore complexes (Elys)



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6

Normal
Clustering of nucleoli blastocyst c M Blastocyst
,‘,
y O No blastocyst
_— 35 28
T p=0.024
_—
1]
£ 80
°
W00 min 24
N 60—
[ =1
£
S 40—
" =3
by
5}
= 20

0

°
@
o
=
=

nucleoli

°
o
o
0]
2
0
=
]

Unclustered

B Defective Abnormal
No clustering of nucleoli 2-cell embryo embryo



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 7

A
CHismosome Huctearehvelope Spindle assembl Anaphase Telophase 2-cell embryo
clustering breakdown P Y p p 3 ry

el

o

o

17

=

O

S

B y

o

17

=

5 S

Misaligned Lagging™
chromosome chromosomes

3 PS N

[7] N

c N7 P

g = U — B Iz : :_ =

S = 7 N ARSI 2

o AN

Misaligned Lagging
chromosome chromosomes Micronuclei
Il DNA E Microtubules
B Pronuclear migration Prior to nuclear
®

envelope breakdown

®


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

M Blastocyst
[ No blastocyst

Figure S1
A

sa|ngnjoIolw
|esise s|puidg

60
[

T [ T | T | T 1
0 S} Ir:} o

(wirl) sisoyw ur ybus|
8|NQNJOJOIW BWOS0IUSD

20

11
Pronuclei
total length

—+ 1 r 1 r 1rr |
B 3 Q < 3
(wrl) sisiojw ai04aq
19jonuold Aq pauueds aouejsiq

Surface
occupancy

160
.
XxxX
Nuclear
occupancy

| LD L
@ © <

BN
o o o o
Xxapul Aouednooo JespnN

1.0

1
=]
=]

=
)
g 28
] XX XX XX + 5®
o &=
=
5
X% £ 5
1 1 1 11 °©°
o @ © < N o
L o o o o =
Xapul Uoloel} uijewolyd
he) ie)
2 2
e 28
> >
Ne me
o o
_M o
0 5T W c
I S & m E
© o [}
b £ = S
B ..
n _— o
2p m =
g = S
o
(8]
I T T orTrT | 1
o o o i~ o o
40I 0 © < N
$91064Z 10 9, w (gzH)vNaE  (92H) yNaE abusy



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

c
il
ksl
N Te x n- pasuapuodun | &
5 =
3l T <
2o « -. paseysnpun |®
nl o 1S
a| © S
~ ,n\% =
ToLe n_ paseisn|o 5
5 oo
1 1111 =1
o © © < Ll o (o)
- o o o =] =] -+ +
[ Xapul UOIIO.I} UljewoIyd JanQ Q
L+
o
T T T T
5 3 3 < R °5 @8
bt 19[oNUOIDIW UM ,.m £
~ 5 T_HD|A x pesuspuooun |8 [0} sofuquie [|99-Z JO % .m m
5| 9 15 S E
S| L T ® o
3 jo))
N =] < c &
* % XLIEL palaisn|D e % =
2 &
r~rr 11171 < —
] @ ] < o =]
. S S S S S
o X3pul UOIJOBI} UljewoIyd Jauu|
> - _|-|A -pasuspuooun
8
5| T
x| o
= -palajsnjoun
> Ll g
9] =]
N oS asuspuosun |5 ?
m. P P n W S £ paJaisn|)
5| ¢ g
w,w_m. paigisnpun | L L L L L
al 3 ® o o o o o o o
¥ & paisisnio S uoISsaIBU0O SWOSOWOIYD pue
(7] umopyealq adojaAus Jesjonu
T T T T T
s & & o+ &b w uesmaq SEINUIN
- o o =1 =1 =1
m xapul Aouednooo soepung
S .|=|A - pasuspuooun
ao,_
sl T
>
< o8| = TET I passisnioun
~ = XTEIAX pasuapuosun W 3| e
> &
= L 3 i
egl > TET passisnpun |8 v 1B % L paseisnio
N —_
o = @ T & T T
o~ < N X O [ T T T
n"s S x X ¢ -passisn|D S 8 g g 8 °
o T T T T . josuo aseydeue pue
=1 2 2 2 bt 3 = umopealq adojaaus Jesjonu
D« xapul Aouedno2o JesjonN w usamjaq sajnul
[T



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure S3

e T b
Uncondensed \\\‘
-00 h:

EDNA EKinetochores

Uncondesed

EDNA OMicrotubules EKinetochores

\\ Clustered

N 4 g ~

Uncondensed >« 2
-00 h:

EDNA EKinetochores

Clustered ,~ 7~~~
&

Unclustered

1
I
\

\
Unclustered %, * |
s -

EDNA OMicrotubules EKinetochores



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

H Mitotic error
@ No mitotic error

Jos ejep
ELIEYETEN]

soliquia
psyoes|g

=} o o
© <+ 3%

$9)06AZ jo %,

(payoea|q jou)
[e1siq
(payoes|q)
paJesn|Dy

Q =} o o
@© © <+ «

sawosowolyo buibbej jo o,

(payoeslq jou)
pasuspuooun

(payoea|q)
paJssisn|D

o o o o
© <+ «

sawosowolyo buibbe) jo o,

g

bleached region 00:00

(payoes|q jou)
pasuspuooun

_— (payoes|q)
(L[ pateisniD

-00 h: 07 min

-00 h: 53min

Uncondensed

bleached
region

Clustered

m:m_wscoadmo_ meomoEoEo
o Buibbe| jo JaquinN



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B C E
» M Attached centrosomes W Migration
g [ Detached centrosomes S o @ No migration
2
s 8 11 © 8 11
Zz = =0.044
[a) o p=0.013 O p=0.
I = 1004 £ 1000t
I 0o =
%] 0°e o)
RS B o]
X - 80 2 80
§ 1] e [
< £ 604 o 2 60
D (o2
> >
» N = N
o "6 404 g uc—’ 404
5 S g R
=z z2 _
oL 204 &€ 20
[} N T
2 v [(eX]
o I o T o
= 75 - 75 -
2o b 3 X5 ® B
o] o W a o B
© T = T
I DNA EKASH5-DN EDNA OMicrotubules x B DNA OMicrotubules
G H 16 22 16 22
p<0.004 p=0.130
M Single spindle 1094 — —
[ Separate spindles J
<o 8 11 ]
2 p=0.018 % 087 7]
=a I ]
8 g 100 E
K} 0.6
= 3
£ 80 -] =N
5] g x
0.4
2 3
- O 1
gGO o
R ] %
N 4
v 45 40 é
o X 0.0~
z2 204 & & &% &
Qa3 o 3 o 3
0o T T
ITo 9] 9]
N'm ol § §
$s b Z __xX X
[y [0} g Nuclear Surface
2] T occupancy occupancy
g
EDNA OMicrotubules
1 M Migration J 30 38 30 38 K 30 28 30 28
icpali =0.858 =0.290 = o
[ No migration SO R=0.85¢ P02t P - 0.561 p=0.403
15 20
p<0.001 E ]
100 - — o 08 . 0.8
+ x
- ] g |
80 - 0.6-] € 06
> >
[$) o X
» S c 1
] © ¥ ®©
+ 60 0.4 o 04 %
o 35 5
(<)) 5} o
3 $ 1 g 1
45 40 0.2 Oo2d +
2 - |
20 0.0——— —T e o Emm e
o o o o 5 (o =L =
2% 273 838 &8
o = 5 =S o 3 3
o} . S Sl e} i)
@« Q o o - -
s N <] <] o o
a g =z =z N [
3] Nuclear  Surface Nuclear  Surface
Z° occupancy occupancy occupancy occupancy


https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure S6

A ECentromeres B H Nucleoplasm C M Atnucleoli

Merge ECentromeres E Transmission E Transmission @ Nuclear envelope @ without nucleoli
= =3 x ; 100 125 100 125

80 80
60
40

20

% of centromeres
% of centromeres

0
W Telomeres E M Nucleoplasm F HAtnucleoli
ETransmission I Nuclear envelo O Without nucleoli
) 3 51 100 51

80

% of telomeres
% of telomeres

@ Sun1 EDNA

Nuclear pore Nuclear pore Nuclear pore
complexes complexes A complexes Merge

ENucleoli

-05 h:20 min



https://doi.org/10.1101/2020.08.27.269779
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Pronuclei_CentrosomalEmbryo_BioRxiv2.pdf
	Abstract:
	The vast majority of human embryos are aneuploid. Aneuploidy frequently arises during the early mitotic divisions of the embryo, but the origin of this remains elusive. Using bovine embryos as a model for human embryos, we identify an error-prone mech...
	Keywords:
	aneuploidy, human embryo, fertilization, chromosome segregation, genome organization, centrosomes, microtubules, spindle
	Introduction
	Results
	Parental genome unification initiates in intact nuclei upon fertilization
	Parental genome pre-unification ensures accurate chromosome segregation
	Centrosome positions determine sites of chromosome clustering and accuracy of chromosome segregation
	Centrosomes, microtubules, and dynein pre-unite chromosomes within intact pronuclei
	Nuclear pore complexes cluster with chromatin at the pronuclear interface
	Nucleoli as a read-out of chromosome clustering and blastocyst development in human embryos
	Discussion
	Acknowledgements
	Authors contributions
	Declaration of Interests
	Figure legends

	Figure 1. Parental genome unification initiates in intact nuclei upon fertilization.
	Figure 2. Parental genome pre-unification ensures accurate chromosomes segregation.
	Figure 3. Centrosome positions determine sites of chromosome clustering and accuracy of chromosome segregation.
	Figure 4. Centrosomes, microtubules, and dynein pre-unite chromosomes within intact pronuclei.
	Figure 5. Nuclear pore complexes cluster with chromatin at the pronuclear interface.
	Figure 6. Nucleoli as a read-out of chromosome clustering and blastocyst development in human embryos.
	Figure 7. Models illustrating the mechanism of chromosome clustering and parental genomes pre-unification
	Materials and methods

	Bovine zygote production
	Human embryos
	Microinjection of bovine oocytes and zygotes
	Expression constructs, messenger RNA (mRNA) synthesis, protein expression and purification
	Drug addition
	Immunofluorescence
	Confocal and super-resolution microscopy
	Human embryo imaging
	Statistical analysis
	Image analysis
	Supplementary figure legends

	Figure S1. Maternal and paternal chromosomes cluster at the pronuclear interface, related to Figure 1.
	Figure S2. Defective clustering leads to a delay in chromosome congression, related to Figure 2.
	Figure S3. Live kinetochore visualization in zygotes having unclustered and uncondensed chromosomes, related to Figure 2.
	Figure S4. Unclustered chromosomes are more likely to missegregate, related to Figure 2.
	Figure S5. Effects of KASH5-DN, nocodazole, and P150-CC1 treatments, related to Figure 4.
	Figure S6. Centromeres, telomeres, Sun1, Lamin B, and Lamin A/C do not cluster at the pronuclear interface. Related to Figures 4-6.
	Supplementary movie legends

	Movie S1. Bovine embryo development from zygote to 8-cell stage, related to Figure 1.
	Movie S2. The maternal and paternal chromosomes occupy partially distinct territories in the metaphase plate of the zygote spindle, related to Figure 1.
	Movie S3. Chromosomes in the pronucleus with uncondensed chromatin lag behind during anaphase, related to Figure 2.
	Movie S4. Unclustered chromosomes lag behind during anaphase, related to Figure 2.
	Movie S5. Centrosomes, microtubules, and dynein pre-unite chromosomes within intact pronuclei, related to Figure 4.
	Movie S6. Annulate lamellae move toward centrosomes at the pronuclear interface, related to Figure 5.
	Movie S7. Nuclear pore complexes cluster with chromatin at the pronuclear interface, related to Figure 5.
	Movie S8. Nucleoli as a read out of chromosome clustering and blastocyst development in human embryos, related to Figure 6.
	References



	Manuscript.pdf
	200311-Figure Draft-Cell-DEF-jpg8.pdf


