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Abstract

Early embryos are transcriptionally quiescent and rely on the signals provided by the
mother to guide them through the first hours of development. Through the process
of zygotic genome activation, embryos are reprogrammed from a fully differentiated
egg cell into totipotent stem cells. This corresponds with a vast transcriptional
activation event in the embryo, as transcription of zygotic genes is activated.
However, some genes are able to escape the transcriptional silencing before zygotic
genome activation, forming an early wave of transcription. In this thesis, | have aimed
to utilise a teleost model organism, Danio rerio (zebrafish), to investigate the role of
one such early wave transcription factor, mxtx2, in zygotic genome activation. | have
aimed to characterise the role of mxtx2 by generating a loss of function and null
mutants of its gene. Additionally, | have aimed to characterise cell cycle and genome
activation dynamics in the first distinct extra-embryonic tissue of the embryo — the
yolk syncytial layer — induction of which is mediated by mxtx2. In this thesis, |
demonstrate the generation of an efficient method of mosaic loss of function of
mxtx2 by Cas9 nuclease. | have shown that mxtx2 phenotype generated by this loss
of function phenocopies previous studies, independently confirming the results. |
also demonstrate a previously unreported phenotype caused by Cas13d nuclease,
causing unspecific developmental abnormalities and embryonic lethality. The
exploration of cell cycle and transcription dynamics in the zebrafish embryo provided
evidence showing a specific cell cycle and transcriptional delay in the nuclei of the
yolk syncytial layer, which we hypothesise is caused by a delay in zygotic genome
activation in the yolk syncytial layer. Aided with further studies, this could provide
the first evidence in any organism of distinct zygotic genome activation control in

subsets of embryonic cells.
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Chapter 1: General Introduction

1.1 Zygotic Genome Activation

1.1.1 Overview

After the egg is fertilised by a sperm, the early embryo is initially transcriptionally
inactive and undergoes fast cell divisions without gap phases (Newport and
Kirschner, 1982b). The first stages of development are entirely controlled by mRNAs
and proteins deposited in the oocyte by the mother — in mice, those deposited
MRNAs represent 40% of all protein-coding genome (Wang et al., 2004), while in
Drosophila melanogaster it was estimated at 65% (Lecuyer et al., 2007). These RNAs
are required for the egg to convert into totipotent state. The overall transition
process between a transcriptionally quiescent and active embryo is referred to as the
maternal-to-zygotic transition (MZT), within which the process of activating the
zygotic transcription called zygotic genome activation (ZGA) takes place (Tadros and
Lipshitz, 2009). This is one of the most dramatic shifts in embryogenesis and perhaps
the largest genomic reprogramming event occurring in nature. Through both
maternal instructions and zygotic gene expression, fully differentiated cells (egg and
sperm) are reprogrammed to become totipotent and reform the whole organism.
During MZT, degradation of maternally deposited factors is coordinated with the
initiation of zygotic transcription, with thousands of genes becoming
transcriptionally active. During ZGA, activation of transcription of a vast number of
genes coincides also with lengthening of cell cycles from cleavage to those containing
‘gap’ phases. Increase in cell cycle length is needed to accommodate increased

transcription alongside ongoing fast rounds of DNA replication, as those two
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processes can interfere with each other (Schulz and Harrison, 2019). Zygotic genome
activation is a period, rather than a singular point, during which the embryo ceases
to rely on maternally provided genetic information and starts utilising its own,
provided by both mother and father.

However, even though there is a sharp increase of zygotic transcription at ZGA,
embryos exhibit low levels of transcriptional activity before ZGA. For clarity purposes,
| will continue to refer to this minor transcriptional activity as an early wave of zygotic
transcription. This process is primarily regulated by maternally deposited factors and
could serve as preparation of the cell environment for the vast change that is ZGA. In
a conserved fashion, ZGA and zygotic transcription is required for progression in
development, with transcriptional block causing developmental arrest shortly after
the approximate time that ZGA would take place (Abe et al., 2018).

As the mechanisms governing ZGA are not fully understood, studying the impact of
early transcription on that process can provide some very important answers about
the regulation of zygotic transcription, signalling networks involved and the

mechanisms by which embryo cells are ‘reprogrammed’ at ZGA.

1.1.2 Pre-ZGA Development

Following the fertilisation of the egg and fusion of two highly specialised cells — egg
and sperm — the resulting genome undergoes large-scale epigenetic reorganisation,
with changes to chromatin marks, DNA demethylation and remethylation (Guo et al.,
2014; Meehan et al., 2005; Potok et al., 2013; Santos et al., 2005). During the oocyte
growth, transcription is dynamically regulated. However, global levels of
transcriptional activity gradually decline as oocyte grows, leading to no active
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transcription towards the end of that process (De La Fuente et al., 2004; Schultz et
al., 2018). The mechanisms underlying this global transcriptional silencing are still
elusive, with chromatin compaction, global changes in DNA organisation within the
nucleus, and RNA polymerase Il localisation being suggested (Abe et al., 2010;
Bouniol-Baly et al., 1999; Schultz et al., 2018). An alternative approach suggested
that dissociation of chromatin factors (such as transcription factors and other
members of the protein complex binding the promoter) away from chromatin on a
global scale within cells could be responsible for transcriptional silencing in early
embryos, and for removal of maternal transcription program. Global chromatin
factor dissociation was observed in late-stage oocytes, followed by an “erase and
rebuild” epigenome reprogramming in the zygote (Sun et al.,, 2007). A similar
observation was made in experiments involving somatic cell nuclear transfer and in
parthenogenesis (Gao et al., 2007), suggesting a common mechanism and perhaps a
requirement for “clearance” of the pre-existing transcriptional setup in major
reprogramming events.

Transcriptional quiescence in the zygote is evolutionarily conserved in metazoans.
The period of quiescence differs between species, but in most cases coincides with
very fast progression through multiple cell cycles that do not contain gap phases
(Schulz and Harrison, 2019; Tadros and Lipshitz, 2009; Yuan et al., 2016). In most
species those cell cycles also coincide with cleavage cell divisions, as there is very
limited time for cell growth. During normal development, ZGA occurs after several
rounds of cleavage cell cycles, and how many differs between species (Fig. 1.1). Those
cell cycles are primarily directed by the maternally contributed proteins and

transcripts, which include products of multiple housekeeping genes (Liu et al., 2014;
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Omura and Lott, 2020). Alongside the machinery required for maintaining the zygote
and direct the fast cell cycles, maternal contributions also include mRNAs and
proteins that would direct the gradual activation of transcription. As the zygote
progresses through cleavage cell cycles, the division cycles start to gradually
lengthen, which coincides with appearance of first zygotic transcripts and gradual
degradation of maternally-provided mRNAs. Maternal to zygotic transition ends the

period of cleavage divisions and culminates with ZGA.
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Fig. 1.1. The timing of zygotic genome activation in several model organisms.

The top 2 rows are mammalian model organisms, while the bottom 3 represent a range of other
animal models. The first column depicts a diagram of a zygote, second column depicts a
developmental stage and time (in hours post fertilisation) at which minor zygotic transcription is first
observed, and the third column depicts the developmental stage and time (in hours post fertilisation)
when main wave of zygotic genome activation begins. Last column presents a simplified depiction of
a corresponding organism. Adapted from (Schulz and Harrison, 2019).

1.1.3 ZGA in Model Organisms

1.1.3.1 Drosophila melanogaster
In embryos of the invertebrate Drosophila melanogaster, the main wave of

transcriptional activation occurs during the 14t cell cycle (Darbo et al., 2013) (Fig.
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1.1). Prior to that, the fruit fly zygote forms a multicellular syncytium, with nuclear
divisions occurring, but not cell divisions. ZGA then coincides with the process of
cellularisation of syncytial blastoderm. Transcription of a small subset of early-wave
genes involved in, among others, embryo patterning and cellularisation process,
starts around the 8™ cell cycle (Harrison et al., 2011; Pritchard and Schubiger, 1996).
Some studies claim even earlier transcription and competency of Drosophila
embryos to start transcription as early as cycle 2 (Ali-Murthy et al., 2013). Studies in
the fruit fly embryos led to a discovery of the first major regulator of ZGA in any
species — Zelda (ZIld) (Liang et al., 2008). ZId is a maternally deposited zinc-finger
pioneer transcription factor. It was found to bind regulatory elements of nearly all
early zygotically transcribed genes in Drosophila, but also to mark genes that would
be transcribed during main-wave ZGA, which would be activated by already
zygotically expressed early wave transcription factors (Harrison et al., 2011). It is
therefore understood that ZId binding is priming genes for zygotic transcription.

Additionally, it was shown that Zld, as a pioneer transcription factor, has a role in
opening chromatin at the loci where it is bound (Schulz et al., 2015; Sun et al., 2015),
an effort in overcoming the inhibitory environment in the nucleus of an early embryo
(Dufourt et al., 2018). ZId has been found binding to promoters of some of the
earliest zygotic transcripts identified in Drosophila embryos (Harrison et al., 2010).
ZId is required for early and main-wave gene transcription, and essential for embryo
survival through ZGA, with both maternal and zygotic mutants causing the embryo
to die. Maternal mutants die at the cellularisation stage, while zygotic mutants die
later in embryonic development (Schulz and Harrison, 2019), which shows the

necessity of z/d transcription at the zygotic level despite the maternal deposition. No
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orthologues of ZId have been found in species other than insects (Schulz and
Harrison, 2019), which spurred the search for factors that could serve the same
function, especially in vertebrate embryos.

While Zelda is considered a major activator of transcription in Drosophila, there are
several other key factors in the MZT process worth mentioning. A maternally
deposited RNA-binding factor Smaug was found to be essential for early
development, affecting several aspects of MZT. In Drosophila, between the 11 and
13t synchronous syncytial divisions the length of cell cycles gradually increases, with
an appearance of short gap phases. This coincides not only with the appearance of
the first zygotic transcripts, but also with a re-introduction of DNA replication
checkpoints into the cell cycle, mediated by an ATM kinase homologue (Sibon et al.,
1997). Stricter control of the cell cycle is likely to be directly responsible for slowing
down of cell cycles. Mutations in smaug have been found to disrupt the cell cycle
slowdown and introduction of checkpoints. Smaug is also responsible for destruction
of maternally deposited mRNAs by binding them and recruiting the CCR4/POP2/NOT
complex, which in turn de-adenylates them and triggers their lysis (Benoit et al.,
2009). Smaug is also involved in expression of several micro-RNAs (miRs), including
miR-3, miR-6 and miR-286 (Bushati et al., 2008). smaug mutant was found to stabilise
many of the targets of the miR-309 cluster — a set of miRs involved in destruction of
maternal mRNAs, indicating that Smaug plays a role in regulating clearance of
maternal material (Bushati et al., 2008; Fu et al., 2014).

Zygotic expression of microRNAs is essential during the time preceding main wave of
ZGA, and they are a key component of the early wave of zygotic transcription in

blastoderm, conducting a diverse set of processes, including clearance of maternal
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MRNAs. Mutants lacking pre-ZGA microRNA expression were found to be embryonic
lethal and displayed gastrulation defects (Fu et al., 2014). Expression of miR-309
cluster is required for destabilisation of over 400 maternal mRNAs during early
development (Benoit et al., 2009; Bushati et al., 2008). Both Smaug and Zelda were
found to regulate expression of miRs, including the miR-309 cluster (Liang et al.,
2008), however, activation of expression by Zelda is more robust and affects many
more microRNA loci (Fu et al., 2014).

Taken together, ZGA in Drosophila has a master regulator in the zinc finger
transcription factor Zelda, which directs the early zygotic transcription wave that
coordinates destruction of maternal transcripts by zygotically expressed Smaug and
miR-309 and activates transcription of over 100 zygotically expressed genes involved
in early embryo development, which in turn leads to the main transcriptional wave
of ZGA (Benoit et al., 2009; Liang et al., 2008; Schulz et al., 2015). Zelda therefore
connects two of the key events of the maternal-to-zygotic transition —transcriptional

activation and clearance of maternal transcripts.

1.1.3.2 Xenopus

Amphibian models Xenopus laevis and Xenopus tropicalis have proved to be very
important in understanding of early embryonic processes. Xenopus laevis was the
first embryo in which the ability of a somatic cell nucleus to form a functioning
organism was shown (Gurdon et al., 1958), developing a new field of biology
dedicated to cloning and stem cell research and leading to discovery of a number of
key pluripotency factors aside from Drosophila Zelda. X. laevis was also one of the
first organisms where a major developmental transition of the early embryo was
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discovered — with cell divisions becoming asynchronous, cells becoming motile and
widespread activation of transcription (Newport and Kirschner, 1982a; b). This
observation coined the term mid-blastula transition (MBT) as it occurs during the
blastula stage of the frog embryo development, after 12 rapid cleavage cell divisions
(Fig. 1.1).

As in other organisms, pre-ZGA transcription is present and essential. In Xenopus it is
first observed after 6 cell cycles (Gentsch et al., 2019a; Skirkanich et al., 2011).
Regulation of zygotic genome activation in Xenopus was recently reviewed (Blitz and
Cho, 2021). First cleavage division in Xenopus embryos requires a longer period,
ending at 1.5h post fertilisation in X. laevis, with following cell cycles progressing very
fast in a meta-synchronous manner, with slightly larger vegetal blastomeres lagging
behind the smaller blastomeres at the animal side of the embryo (Chen et al., 2019),
but maintaining a constant cell cycle length between those. In contrast to Drosophila,
no syncytium is formed and cells forming the blastoderm undergo rounds of DNA
replication followed by mitosis and cytokinesis. Following the 12% cell cycle,
approximately 5 hours post fertilisation (hpf) in X. laevis, cell cycles slow down and
become asynchronous. That marks the mid-blastula transition and the beginning of
main wave of ZGA, and shortly thereafter the embryo proceeds into gastrulation.
Xenopus was used as a model for several seminal studies in understanding genome
activation in embryos, detecting earliest zygotic transcription and incorporation of
radiolabelled nucleotides into the nucleus before MBT and observing the global
activation of transcription during MBT (Bachvarova et al., 1966; Kimelman et al.,
1987; Newport and Kirschner, 1982a). Follow-up studies using new methods of

transcript detection, such as incorporation of 5-ethynyl uridine (5-EU) showed that
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main wave of genome activation in Xenopus embryos does not begin in all cells at the
same time, but that smaller animal pole blastomeres begin ZGA earlier, by cell cycle
12, and larger vegetally positioned blastomeres begin ZGA during cell cycle 14 (Fig.

1.2).

+ Cell Cell
division division
—_ —
v
Vegetal
Transcription (V) begins Cell volume reduction Transcription gradually
in animal-most cells triggers transcription maoves into the vegetal
more vegetally hemisphere

Fig. 1.2. Progression of zygotic genome activation in Xenopus laevis embryos.

The simplified diagram shows the timing of major wave of genome activation during cell cycles 12 (left
panel), 13 (middle panel) and 14 (right panel). A “wave” of genome activation is observed starting
from the animal-most blastomeres and, across the span of 2 cell cycles, progressing to the vegetally
positioned, larger blastomeres. From: (Blitz and Cho, 2021).

Xenopus was one of the first models to link blastomere size and onset of genome
activation, suggesting that a certain threshold of the ratio of genetic material (that is
replicated rapidly in cleavage cell cycles) to the cytoplasm volume (that roughly
halves every cell cycle) is required. This helped coin a prevalent model of ZGA timing
called nuclear to cytoplasmic (N:C) ratio based on titration of inhibitory factors
(Newport and Kirschner, 1982b; Prioleau et al., 1994), which will be discussed in
detail later in this thesis.

The earliest transcription in Xenopus is observed at around 64-cell stage, with two of

the first transcripts detected being nodal5 and nodal6 — encoding 2 of 6 identified
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Nodal-related proteins in Xenopus (Skirkanich et al., 2011; Yang et al., 2002). Those
members of TGF-R superfamily are ligands in the Nodal signalling pathway and are
required for induction of mesendoderm during gastrulation, but it was shown that
their expression as early as 128-cell-stage (after 8 cell cycles) is regulated by the B-
catenin/Tcf pathway (Wnt signalling pathway) (Blitz and Cho, 2021; Onuma et al.,
2002), and more directly by the maternally deposited T-box transcription factor VegT
(Skirkanich et al., 2011). Activation of the Nodal signalling before MBT is required for
main-wave ZGA transcription of multiple downstream targets, and for the correct
progression in embryo development into gastrulation.

Among other early wave transcripts identified in Xenopus were several transcription
factors such as bix1.3 (brachyury inducible factor 1) and sox17a, several less well-
described zinc finger transcription factors, as well as miR-427, a microRNA involved
in clearance of maternal transcripts, orthologous to zebrafish miR-430 (Gentsch et
al., 2019a; Owens et al., 2016; Skirkanich et al., 2011).

Similarly to Drosophila, master regulators of zygotic transcription and ZGA have been
identified in Xenopus. These are maternally deposited transcription factors Sox3 and
Pou5f3 (Gentsch et al., 2019b). With their broad range of binding and the ability to
trigger chromatin remodelling at their sites of binding, they are often termed pioneer
transcription factors. Sox3 and Pou5f3 belong to a set of pluripotency factors, with
their ability to induce pluripotency in transcriptionally quiescent blastomeres,
effectively starting the cellular reprogramming during MBT and leading to the
formation of three embryonic germ layers (ectoderm, mesoderm, endoderm) in the

zygote.
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1.1.3.3 Mouse

In mammalian embryos, ZGA happens much earlier from the developmental point of
view — in mice genome activation is observed in pre-implantation embryos during
the second cell cycle (during 2-cell stage, 24 hpf), with the minor wave of
transcription observed during the S/G2 phase of the 1%t cell cycle, approximately 10-
12 hpf (Aoki et al., 1997; Bouniol et al., 1995; Flach et al., 1982; Xue et al., 2013). The
difference in absolute time elapsed after fertilisation between mammals and lower
vertebrates is quite noticeable, as it is measured in days, rather than minutes or
hours, and occurs after fewer cleavage divisions (Fig. 1.1).

Regulation of the murine ZGA has been relatively well studied, and recently reviewed
by (Aoki, 2022). In murine zygotes, there are not enough cell divisions between
fertilisation and ZGA to establish a nuclear:cytoplasmic ratio. Experiments with
polyspermic fertilisation (increasing the nuclear component) did not affect the
transcription before ZGA, ruling it out as a regulatory mechanism. It was suggested
that a maternally provided mRNA could be involved in triggering ZGA in mice, as
some of the maternal mRNAs are translated shortly after fertilisation. Those mRNAs
often require polyadenylation in the zygote but can be translated simultaneously
with Poly-A tail elongation (Oh et al., 2000; Temeles and Schultz, 1997). Experiments
in 1-cell fertilised eggs have shown that preventing this polyadenylation inhibited
transcription and ZGA (Aoki et al., 2003). However, no individual trigger, mRNA or
protein, has yet been found to regulate ZGA initiation in mice, but several genes have
been proven to be involved.

In order for early wave zygotic transcription to take place during late first cell cycle,

it was shown that murine zygotes have a greatly loosened chromatin structure
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compared to oocytes, allowing transcription factors to bind to promoters to activate
transcription (Ooga et al., 2016). One of the suggested mechanisms for the loosening
of chromatin is epigenetics — histone variants that were identified in 1-cell stage
murine embryos are usually involved in loosened chromatin structures, such as
H3.3/H2A.X and TH2A histone variant compositions (Funaya and Aoki, 2017). The
chromatin becomes much more structured and tighter packed with all histone
variants present in late 2-cell stage, with major wave ZGA in full swing. Thus,
chromatin state and histone composition of nucleosomes are important factors in
regulating early wave transcription in mammals. The transition from minor to major
wave transcription is also a transition from enhancer-less expression where
transcription factors are able to bind promoters in loosened chromatin to one where
enhancers regulate the accessibility of the transcriptional machinery to the core
promoter, effectively changing from a permissive state at 1-cell stage to a more
repressive, regulated state in late 2-cell stage by changes to nucleosome components
as well as establishment of chromatin marks such as H3K4me3 (Schultz et al., 2018).
As in other previously described models, in mice minor wave transcription is required
for major wave ZGA to occur. Inhibiting minor wave transcription with an RNA Pol Il
inhibitor led to the minor wave pattern of transcription being observed in 2-cell stage
embryos, with major wave ZGA not occurring and embryos developmentally
arresting in 2" cell cycle (Abe et al., 2018).

No direct ZGA activators like Zelda or Sox3 and Pou5f3 have been found in
mammalian embryos, but several factors were linked with regulatory roles in the
process. Oct4, homologue of a key regulator of ZGA in zebrafish (Pou5f3), was found

to not have in influence on ZGA in mice, but to be essential in later development (Gao
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et al., 2018). Pioneer transcription factor Nfya, transcriptional regulator Yapl and a
homeobox transcription factor Dux have all been shown to influence zygotic
transcription in 2-cell mouse embryos (De laco et al., 2017; Hendrickson et al., 2017
Lu et al., 2016; Yu et al., 2016). However, these factors might not be required for
progression past the 2-cell stage, as several knockdown and knockout studies have
revealed (Chen et al., 2021; Chen and Zhang, 2019; De laco et al., 2020).

The case of Dux (orthologue of human DUX4), encoding a dual homeobox
transcription factor is particularly intriguing. It is an intronless, multi-copy gene found
to be transcribed in minor ZGA. It was found to regulate expression of ERVL family
retrotransposons and have an influence on pluripotency of cells (Hendrickson et al.,
2017). Through activation of retrotransposons and their linked genes, Dux is an
important factor in cell reprogramming, found to be necessary for transition of
mouse embryonic stem cells to the 2-cell-like-cells (2CLCs) in vitro. 2CLCs are a small
subset of murine embryonic stem cells that, in cell culture, share many characteristics
with their 2-cell stage counterparts, such as expression profile and totipotency (De
laco et al., 2017; Hendrickson et al., 2017). Acting upstream of Dux are maternally
provided developmental pluripotency-associated factors Dppa2 and Dppa4,
regulating its role in driving ZGA (Eckersley-Maslin et al., 2019). Loss of Dux leads to
depletion of several genes found in major wave of ZGA, suggesting Dux as an
interesting candidate for a ZGA regulator and making it similar to Zelda in its early
wave expression. However, further studies have shown that loss of Dux does not lead
to a developmental arrest and has a minor effect on ZGA, with only some of the Dux
targets downregulated (Bosnakovski et al., 2021; Chen and Zhang, 2019; De laco et

al., 2020). Dux”’ knockout embryos were able to survive to adulthood, but with
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several developmental defects and reduced viability (Chen and Zhang, 2019; De laco
et al., 2020). It was therefore termed a “ZGA synchroniser”, with a search for a key
regulator of the murine ZGA continuing.

Perfect candidates for this role are pioneer transcription factors due to their ability
to open regions of closed chromatin, allowing transcription in an otherwise
repressive environment. As most well-known pioneer factors Nanog and Oct4 are
unlikely to be directly involved (with activatory roles in ESCs, but not observed in
vivo), the search for regulators is expanding. One of the newly suggested regulators
of ZGA in mouse, Nr5a2 was found using a de novo binding motif search attempting
to find potential binding partners of major wave ZGA genes (Gassler et al., 2022). This
previously poorly described orphan nuclear receptor has been found to be essential
for early embryonic development with deficient embryos not surviving post
implantation (Labelle-Dumais et al., 2006). Nr5a2 was found to be required for
efficient ZGA, with its knockdown reducing nascent RNA transcription in 2-cell
embryos. In combination with it being found enriched near transcription start sites
of ZGA genes and promoting chromatin accessibility, Gassler et al. claim that Nr5a2
is a pioneer transcription factor and that it regulates murine ZGA, with over 70% of
ZGA major wave genes exhibiting reduced expression upon Nr5a2 inhibition (Gassler

et al., 2022), however further investigation will be needed to confirm these claims.

1.1.3.4 Human
Understanding of human embryonic development relies on experiments in model
organisms, with very few opportunities to test hypotheses in vivo, with many studies

also using embryonic stem cells or pluripotent stem cells as a model. Studies directly
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on human embryos are limited due to the ethical limitations as well as technical
difficulties. A major point of progress was generation of induced pluripotent stem
cells (iPSCs) from mouse somatic cells (Takahashi and Yamanaka, 2006), making it
possible to reprogram somatic cells into a pluripotent state, converting it to a stem
cell with self-renewal potential and capacity to form other cell types. This was
achieved by inducing ectopic expression of several candidate transcription factors in
cultured fibroblasts, transforming them into a pluripotent-like state, which allowed
them to express many of embryonic stem cell markers, as well as differentiate into
several other cell types both in vitro and in vivo. Essential combinations of
transcription factors responsible for that state were identified, and these factors
were termed stem cell pluripotency (or Yamanaka) factors. These key factors were
OCT4, SOX2, KLF4 and MYC, with NANOG also playing an important, but non-
essential role. These factors are considered crucial in human embryonic
development and contribute to establishment of pluripotency and subsequently cell
fates during zygotic genome activation. iPSCs allowed another way of modelling
human development in vitro (Taubenschmid-Stowers et al., 2022).

In contrast to the murine model, early wave of transcription in human embryos has
been identified around 2-4 cell stages, with major wave ZGA at 8-cell stage (Fig. 1.1)
(Vassena et al., 2011) (Braude et al., 1988; Zhang et al., 2009). There is limited
evidence of human embryos showing zygotic transcription as early as 1-cell stage
(Xue et al., 2013), but the current consensus is the minor wave between 2- and 4-cell
stage and the major wave between 4- and 8-cell stage. Timing of human ZGA is
conserved among other mammals like sheep or cow, suggesting that mouse ZGA

timing might be an outlier among mammals (Jukam et al., 2017). ZGA also coincides
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with the first cell fate decisions in 8-cell stage embryos, with cells later forming the
inner cell mass (later responsible for forming the embryonic germ layers) and
trophectoderm, later responsible for forming extraembryonic tissues and placenta.

The understanding of key factors driving ZGA in humans is limited. Stem cell
pluripotency factors NANOG, OCT4 and SOX2 were all found to regulate a significant
portion of transcription in embryonic stem cells, targeting multiple genes essential
for correct embryonic development (Boyer et al., 2005; Loh et al., 2006). DUX4
(homologue of mouse Dux) has been found to drive ZGA transcription in cultured 8-
cell-like cells, modelling the 8-cell stage human embryo (Taubenschmid-Stowers et
al., 2022), but its role in ZGA regulation is contested due to the conflicting results
from mouse models. OCT4 has been suggested as a contributor to zygotic
transcription in humans, with its binding motif significantly enriched among open
chromatin during ZGA, giving rise to a claim that OCT4 targets are transcribed during
ZGA (Gao et al., 2018). Very recently, PRD-like homeobox transcription factors TPRXL
(maternal) and TPRX1/2 (zygotic, early wave) have been identified as regulators of
ZGA and preimplantation development in humans, acting upstream of several DUX-
family transcription factors and regulating expression of approximately 20% of major

wave genes (Zou et al., 2022).

1.1.4 Zygotic Genome Activation in Zebrafish

1.1.4.1 Overview
In zebrafish (Danio rerio), a teleost model organism, ZGA and MZT coincide with mid-
blastula transition, similarly to amphibians. Zebrafish is one of the model organisms

where ZGA has been most thoroughly studied, however a lot of questions remain
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about its regulation. Zebrafish embryos undergo 10 fast synchronous cleavage cell
divisions, after which blastomeres lose synchrony, cell cycles slow down with gap
phases appearing, and zygotic transcription is activated (Kane and Kimmel, 1993;
Kane et al., 1996). After several more rounds of asynchronous divisions, blastula
stage embryos proceed into gastrulation to form the embryonic germ layers, all
within hours post fertilisation.

Earliest transcription in zebrafish embryos has been detected around 64-cell-stage
(during 6% cell cycle) and major wave of ZGA starts at the 1000-cell stage,
approximately 3 hours post fertilisation (Fig. 1.1) (Hadzhiev et al., 2019; Heyn et al.,
2014; Kane and Kimmel, 1993). Abolition of zygotic transcription causes the embryos
to arrest before gastrulation (Kane et al., 1996; Lee et al., 2013), while abolition of
translation of maternal mRNAs is able to arrest development even as early as 16-cell

stage (Chan et al., 2019).

1.1.4.2. Pioneer factors activating zygotic transcription

Key regulators of zygotic genome activation in zebrafish have been suggested, with
Nanog, SoxB1 (family of Sox genes to which SOX2 belongs) and Pou5f3 (homologue
of OCT4) stem cell pluripotency factors all required for activation of zygotic
transcription, with hundreds of downstream gene targets. All of those factors are
provided maternally as mRNAs, and nanog, pou5f3 and sox19b were found to be
among the most translated genes in the pre-ZGA embryo (Lee et al., 2013). These
transcription factors were found to bind loci of genes activated during ZGA
(Leichsenring et al., 2013), and loss of function mutations in these genes led to an
extreme reduction of zygotic expression, with more than 80% reduction in gene
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expression compared to wild-types by 6hpf, an effect that was shared among all 3
with some synergy and redundancy, but with nanog loss of function having the
strongest effect (Lee et al., 2013). Nanog, Sox19b and Pou5f3 are also required for
increasing chromatin accessibility and remodelling chromatin at their target sites
therefore acting as pioneer transcription factors (Miao et al., 2022; Veil et al., 2019).
Their binding was found to prime their target genes for expression in pre-ZGA
embryos (Palfy et al., 2020). Since these are maternally contributed factors, it places
them temporally as acting upstream of any zygotic components in regulation of
zygotic transcription. That is indeed the case, with the NPS (Nanog, Pou5f3 and
Sox19b) factors suggested to be responsible for activation of the early wave of
transcription in zebrafish (Lee et al., 2013). Study with a triple knockout mutant of
NPS factors found that these factors are able to overcome the global transcriptional
silencing of early embryos by binding to the target sites with high nucleosome
occupancy and subsequently inducing a change in chromatin accessibility. This effect
is achieved by histone acetylation, and Nanog, Pou5f3 and Sox19b were found to act
upstream of histone acetyltransferase p300 and acetylation reader Brd4 (Miao et al.,
2022). In parallel, it was found that Pou5f3 and Sox19b are able to modify chromatin
and drive expression of genes involved in gastrulation and ventral specification,
activating separate sets of genes during major wave of ZGA (Gao et al., 2022).
Knockout of these transcription factors seemed to suggest that even those pioneer
factors have a localised role within the embryo, as they are not involved in the
activation of pathways that are first expressed on the dorsal side of the embryo
(especially Nodal pathway). This suggests that specific localisation of those maternal

mMRNAs into a specific side of the embryo could be an additional aspect determining
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which genes are activated during ZGA, and that ZGA is not uniform across the

zebrafish embryo.

1.1.4.3 Chromatin remodelling and other factors influencing ZGA

Brd4 and p300-dependent histone acetylation and subsequent opening of chromatin
has already been implicated as one of the key elements in ZGA regulation. Study by
(Chan et al., 2019) revealed that these proteins, binding to enhancer elements, were
required for genome activation — their overexpression was sufficient to prematurely
activate zygotic expression, as well as rescue zygotic transcription in embryos that
were treated with inhibitors of maternal translation. This study, in combination with
one by (Miao et al., 2022) provides a comprehensive model of ZGA regulation in
zebrafish, wherein the maternally contributed factors have a supreme role in firstly
binding the regions of poorly accessible chromatin to subsequently recruit histone
acetyltransferases, leading to opening of those regions, and subsequently allowing
transcription machinery to bind and transcription initiation to occur.

This would position translation of maternally deposited transcripts as a key
regulatory event upstream of ZGA, as without the pioneer transcription factors and
histone modifying proteins the embryo would remain unable to reprogram to the
zygotic transcriptional repertoire.

While the maternally provided factors have been shown to play a very important
role, they are not the only important pieces of the ZGA regulation puzzle.
Consistently with previously mentioned observations, chromatin remodelling and
histone modifications such as histone H3K27 acetylation, histone H3K4 and K27
methylation all play a role in the transcription reprogramming of the fertilised egg
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into a totipotent zygote and influence zygotic transcription (Sato et al., 2019;
Vastenhouw et al., 2019; Zhu et al., 2019).

Availability of the key components of the transcription initiation machinery, such as
the TATA-binding protein (Tbp) and its paralogues Thpl2 (Trf3) and Tbpll (TIf) also
has a limiting effect on zygotic genome activation (Ferg et al., 2007). Tbhp is not
required for all transcription in early embryos (Muller et al., 2001), but depletion of
Tbp caused downregulation of a subset of major ZGA genes. Many of the early wave
zygotic transcripts originate from promoters containing a TATA box. Interestingly,
TBP was also involved in another facet of the maternal-to-zygotic transition, namely
degradation of maternal mRNAs. This shows coordination of zygotic transcription
activation with maternal mRNA degradation, as several maternal mRNAs were
stabilised when tbp expression was knocked down using morpholino

oligonucleotides(Ferg et al., 2007).

1.1.4.4 Degradation of maternal factors and role of mir-430

The process of degradation of maternal mRNAs in zebrafish has one particularly key
component, a microRNA miR-430. This non-coding RNA is orthologous to the
previously mentioned miR-427 in amphibians, as well as miR-302 in humans. It is
encoded by a short, 22nt gene, and is able to regulate gene expression by promoting
MRNA deadenylation and decay, as well as more directly by causing reduced
translation of its targets (Bazzini et al., 2012; Giraldez et al., 2005; Giraldez et al.,
2006). Degradation of mRNAs by miR-430 is highly coordinated with other factors
through the RNA-induced silencing complex (RISC), particularly by binding of miRNAs
loaded onto Argonaute (AGO) proteins to 3'UTRs of target mRNAs (Kim et al., 2009;
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Rosa and Brivanlou, 2009). In zebrafish, miR-430 is required for embryo progression
through ZGA, disruption of miR430 locus or dicer1 RNAse lll ribonuclease (involved
in microRNA maturation from pre-miRNAs) leads to a range of severe developmental
defects with gastrulation, development of body axis, brain morphogenesis and heart
development all affected (Giraldez et al., 2005; Giraldez et al., 2006; Liu et al., 2020;
Takacs and Giraldez, 2016).

Expression of miR-430 has been identified as early as 64 cell stage (Hadzhiev et al.,
2019; Heyn et al., 2014). Due to its extremely unusual locus, miR-430 is by far the the
most expressed transcript in the early embryo (Heyn et al., 2014). This is due to miR-
430 locus being organised into triplet repeats of its precursor genes. Those triplet
repeats have been observed as duplexes or triplexes in the zebrafish genome, each
unit with a single promoter (Hadzhiev et al., 2019). In the current assembly of the
zebrafish genome, the mir-430 locus contains 8 of those transcriptional units. Studies
have shown extremely high levels of expression of miR-430 in pre-ZGA embryos
through both RNA sequencing and microscopy (Hadzhiev et al., 2019; Heyn et al.,
2014). The latter showed that transcribed miR-430 organises into very large
subnuclear foci or compartments that colocalise with most of the detected pre-ZGA
nascent RNA transcripts and transcription machinery, with active or poised RNA
polymerase Il colocalising in those vast miR-430 foci (Hadzhiev et al., 2019; Hadzhiev
et al., 2021; Hilbert et al., 2021). This suggests a hypothesis that miR-430 locus on
chromosome 4 could act as a “transcription organiser” with the local concentration
of transcriptional machinery and resources providing a specifically permissive
environment for zygotic transcription before ZGA. This hypothesis can be supported

well by the previously mentioned activatory function of pioneer factors, which are
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required for miR-430 expression (Lee et al., 2013) and Nanog has been shown to be
required for formation of those transcription bodies in pre-ZGA embryos (Hilbert et
al., 2021; Kuznetsova et al., 2022). Additionally, the pioneer function could be even
more pronounced, as the miR-430 locus might be significantly larger than previously
thought, with a new study using long-read next generation sequencing observing a
cluster of not 8, but over 300 promoters and over 750 mir-430 precursor triplets
spanning a region of 0.6 Mb (Hadzhiev et al., 2021). Understanding the mechanisms
by which this transcriptional body is formed and whether it truly serves a function in
regulating ZGA is yet to be established.

To summarise, ZGA in zebrafish coincides with mid-blastula transition, with dramatic
changes in cell cycle, a large-scale genome reorganisation and removal of maternal

signals all contributing to this enormous gene reprogramming event.
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Fig. 1.3. lllustration of the maternal to zygotic transition in a zebrafish embryo.

The cartoon diagram presents simplified drawings of zebrafish embryo progression through
developmental stages, from a fertilised egg (left), through blastula up to the beginning of gastrulation
(right). In red and blue are simplified and not to scale representations of levels of expression of
maternal transcripts and zygotic transcripts respectively. Roles of miR-430 and maternally deposited
pioneer factors in regulation of gene expression in the pre-ZGA embryo have been highlighted. Image
modified from (Tadros and Lipshitz, 2009).

1.1.5 Timing of Zygotic Genome Activation

ZGA is required to proceed with embryo development, as inhibition of zygotic
transcription causes embryonic arrest at a particular stage of development that
depends on the species. Drosophila melanogaster embryos fail to undergo
cellularisation after initial syncytial cell divisions; zebrafish and Xenopus laevis
embryos fail to gastrulate; while mouse embryos developmentally arrest in the 2"
cell cycle (Abe et al., 2018).

As described previously, the timing of zygotic genome activation differs between
organisms (Lee et al., 2014; Schulz and Harrison, 2019). There are several models
aiming to explain the mechanism of ZGA timing in embryos, and thereby the
mechanism by which genome activation is triggered, however the inter-species
divergence remains unanswered.

The existence of ZGA and its delay with respect to egg fertilisation raises a number

of important questions. Why is the period of transcriptional quiescence necessary?
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Why is zygotic genome activated at a particular point in development, and what is
the significance of that point? What triggers the activation and through which
mechanisms?

While not all answers are currently known, there are three most prevalent models
aiming to explain the timing of ZGA, all of which rely on the significant remodelling
of chromatin and an increase in accessibility to explain the activation of gene
transcription (reviewed in (Jukam et al.,, 2017; Schulz and Harrison, 2019;
Vastenhouw et al., 2019) among others). Those models are:

a) nucleocytoplasmic (N:C) ratio model in which the trigger to ZGA is passing a
threshold of concentration of inhibitory factors in the nuclei of the embryo, below
which transcription can take place (Fig. 4a);

b) maternal clock model, dictating that fertilisation starts a ‘timer’ on ZGA, which is
achieved by biochemical reactions taking place in the embryo within the first cell
cycles (Fig.4b);

and c) epigenetic remodelling and de novo establishment of chromatin states in the

embryo.

36



Fig. 1.4. Schematics representing the alternative models of embryonic transcription triggers.

(a) Gradual decrease in concentration of inhibitory factors (red triangles) as the DNA content
exponentially grows with each cleavage division, eventually reaching a threshold at which
transcription can start. (b) Gradual accumulation of transcription activators, such as pioneer factors,
being generated through the cleavage cell cycles from maternal templates, until a particular threshold
is reached and transcription can start. (c) De novo establishment of various chromatin marks (depicted
as orange, blue, purple and gold hexagons), such as histone methylation and acetylation, during
cleavage divisions in the embryo. This leads to a gradual remodelling of chromatin and allows
transcription to take place in genes where chromatin is open. Image adapted from: (Lee et al., 2014).
Those models are not all mutually exclusive, and most probably, all of these are at
least partially correct in a particular species context. In recent years, mixed models
have become more prevalent, highlighting the role of epigenetic remodelling and
chromatin accessibility as the direct regulators of genome activation, with depletion
of inhibitory factors or accumulation of activators and other mechanisms playing a
supporting role(Miao et al., 2022; Vastenhouw et al., 2019). Causative relationship

of chromatin opening with activation of zygotic transcription is still poorly
understood.

1.1.5.1 N:C ratio model and titration of inhibitory factors

Perhaps the most prevalent model is the N:C ratio. In simple terms, during cleavage
divisions the total volume of cells does not increase (Lee et al., 2001), but the amount

of DNA and thus nuclear material is doubled in every cell cycle. A threshold N:C ratio,

37



depending on the number of cell cycles undergone by the embryo, would be a key
permissive timepoint, after which ZGA can occur. This idea was proposed initially by
Newport and Kirschner from their Xenopus studies. Polyspermic frog embryos (with
higher N/C ratio) were shown to activate their genome earlier than controls
(Newport and Kirschner, 1982b). The suggested mechanism was that the fertilised
egg contains maternally deposited factors inhibiting transcription that are titrated
down, as the cells divide and double the amount of their DNA material each cycle. In
support of this hypothesis, levels of core histone proteins — that are maternally
provided, can bind the genome ubiquitously, and can keep chromatin compact
consequently blocking access to DNA — were found to play a role in negatively
regulating zygotic transcription in Xenopus and zebrafish (Amodeo et al., 2015;
Joseph et al., 2017). Titration of core histone components was found to be one of the
events enabling ZGA, but in zebrafish, it was a decrease in levels of unbound histones
and not ones sat on DNA, that regulated ZGA progression (Joseph et al., 2017).
Transcription in the early embryo has to be coordinated with utmost temporal
precision with DNA replication (Kermi et al., 2017)and key replication factors were
also found to be regulated by N:C ratio, influencing cell cycle lengthening and leading
to activation of one of the key DNA damage checkpoint kinases Chkl in Xenopus
embryos (Collart et al., 2013).

In support of the N:C ratio hypothesis, reduction in cell size (volume) has been found
to be sufficient to trigger zygotic transcription in Xenopus embryos, with embryos
with initially halved or quartered volume (reduced C component of the N:C ratio)
activating transcription 1 or 2 cell division cycles earlier, respectively (Chen et al.,

2019). This confirms that Xenopus follow a cell sizer model of activating transcription,
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however these results do not disprove the involvement and importance of other
factors in this process. Similar results are yet to be replicated in other species.

The importance of N:C ratio for ZGA was not confirmed in mice, where it influenced
morphological changes, but did not affect zygotic transcription (Lee et al., 2001). It is
likely that N:C ratio model, involving titration of inhibitors like core histone proteins
and a corresponding increase in number of DNA binding sites for transcription
activators, may hold more relevance for fast cycling embryos, such as amphibian or

fish.

1.1.5.2 Maternal clock and accumulation of activating factors

An alternative mechanism, dubbed the ‘maternal clock model’ suggests that
regulation of ZGA timing is tied to maternally deposited information and
independent of cell cycle. A cascade of events is activated at egg fertilisation and
regulates the developmental programme through translation (and post-translational
modification) of maternally deposited mRNAs, leading to ZGA. This could be achieved
through accumulation of transcription-activating or de-repressing factors in the
embryo cells during cleavage divisions. There is limited evidence supporting this
model. One of main examples is the requirement for accumulation of RNA-binding
protein Smaug in Drosophila embryos. Smaug is involved in co-ordinating clearance
of maternal mRNAs in the embryo through deadenylation and regulating expression
of microRNAs, accumulation of Smaug protein is also required in the developmental
programme (Benoit et al., 2009; Tadros et al., 2007).

In a similar fashion, accumulation of a general transcription factor — TATA-binding

protein (TBP) — is required for transcriptional activation at ZGA, and manipulating
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translation of its maternally deposited mRNA affected timing of ZGA (Veenstra,
Destrée, and Wolffe 1999) (Veenstra et al., 1999). The precise timing of translation
of this general factor does not, however, explain a selective activation of
transcription at ZGA (Schulz and Harrison, 2019). A similar case might be made for
accumulation of pioneer transcription factors across the early development creating
a permissive environment for transcription to initiate (Miao et al., 2022; Veil et al.,
2019), however there is not enough evidence to prove that it is a process
independent of cell cycle or other factors.

While it is beyond doubt that maternally deposited factors and their translation play
a role in ZGA, there is very limited evidence for the maternal clock model. It is
therefore likely that timing of this key step in the developmental programme is not

controlled independently of the cell cycle.

1.1.5.3 Establishment of chromatin states

The third aforementioned model assumes that chromatin in the zygote does not
possess histone marks and other epigenetic markers that prime it for transcription.
Upon fertilisation, quite distinctly packaged DNA coming from the egg and sperm is
reformed, and histones coming from the mother replace protamines packaging
paternal DNA. The model suggests that in early embryo, chromatin states need to be
(re)established through DNA and histone modifications, thus changing the epigenetic
environment to drive the onset of ZGA. There is a large amount of evidence that
chromatin in the embryo is extensively remodelled before and at ZGA, with changes
in DNA methylation, histone methylation, acetylation and replacement, and
establishment of topologically associated domains. This was reviewed in multiple
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publications (Schulz and Harrison, 2019; Tadros and Lipshitz, 2009; Vastenhouw et
al., 2019). However, the question whether these are causative for ZGA, a
consequence of pre-ZGA developmental programme, or maybe just coinciding
events, has still not been resolved.

In mice, altering chromatin structure induced premature transcription (Aoki et al.,
1997), suggesting that chromatin state can be causative for genome activation. In
zebrafish, an accumulation of chromatin methylation marks — repressive H3K27me3
and activating H3K4me3 — is observed on gene promoters after ZGA. Some genes
contain H3K4me3 marks before ZGA, and these are genes poised to be
transcriptionally active in the early wave of transcription (Lindeman et al., 2011;
Vastenhouw et al., 2010). Many genes are found to contain both activating and
repressive marks after ZGA — a bivalency found specifically in embryonic stem cells,
poising promoters of key developmental genes for activation with H3K4me3 marks,
but keeping them repressed using H3K27me3s mark until a correct stage in the
developmental programme (Vastenhouw et al., 2010). While the same mechanism
was not found in other model species, it is possible that this way of control of
developmental programme is achieved using different histone marks (Schulz and
Harrison, 2019).

Histone acetylation was also a subject of interest, as it confers mostly chromatin
openness, and has been previously found in early embryos at enhancer domains that
can be bound by pluripotency (pioneer) factors (Bogdanovic et al., 2012a;
Bogdanovic et al., 2012b; Creyghton et al., 2010). As mentioned in the overview of
ZGA in zebrafish, transcriptional activation in this species requires histone H3K27

acetylation, regulated by Brd4 protein (reader) and p300 histone acetyltransferase
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(writer). Authors of the Chan et al. study argue that neither slowdown of cell cycle
nor N:C ratio change are required for genome activation, and it is translation of Brd4
and P300 factors that is necessary and sufficient to activate widespread transcription
in embryos (Chan et al., 2019). Additionally H3K27ac was observed to accumulate in
the miR-430-associated transcription foci found in zebrafish embryos, and
experiments using the small molecule inhibitor of Brd4, JQ-1, led to a loss of this co-
localisation with active transcription (Sato et al., 2019). Histone H3K27 acetylation
and its associated opening of chromatin has been found to coincide with ZGA in other
species than zebrafish, with evidence from mice and Drosophila (Dahl et al., 2016; Li
etal., 2014).

Another acetylation mark, H3K16 acetylation was found to function similarly to the
H3K27 acetylation in both Drosophila and murine embryos, with its deposition by the
mother in the oocyte being required for correct genome architecture during ZGA and
H3K16ac-dependent opening of chromatin was found to be instructive for ZGA genes
to be transcribed (Samata et al., 2020).

A mixed model for what triggers ZGA can therefore be proposed, depending on a
convoluted interplay between a developmental timer through translation of
maternal factors, including pioneer factors, and extensive chromatin reorganisation
following the egg fertilisation. It is however unknown how these interplay, and how
N:C ratio model can be incorporated into the theory, considering that species like
Xenopus seem to be heavily dependent on cell volume for triggering ZGA. Early wave
zygotic transcription also comes into play, regulating maternal contributions and
perhaps further directing the transcriptional reprogramming. It could be

hypothesised that different layers of ZGA control exist in different species, having
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evolved in parallel and adjusting to the challenges of development faced by each
species.

The question of which mechanisms exactly control activation of genes in the early
embryo and confer the transition from a quiescent cleavage-dividing cells to
totipotent embryo cells remains unanswered. Finding an answer poses a significant
challenge for the field and, in order to understand ZGA, it will be important to study
all aspects of the intricate interplay of factors during early embryo development and

to incorporate multiple models when posing hypotheses of key ZGA regulators.

1.1.6 Role of early zygotic transcripts in ZGA

The pre-ZGA wave of transcription presents a particularly interesting area of
research. Most studies focus on maternal contribution, the main source of direction
for the developmental programme. However, not all of the pioneer factors are purely
maternally provided. Murine Dux and human DUX family pluripotency transcription
factors are not only some of the earliest zygotically transcribed genes, but can also
drive zygotic transcription (De laco et al., 2017; Hendrickson et al., 2017). However,
the requirement of these factors for embryo viability and primary regulatory role in
ZGA has been disputed (Bosnakovski et al., 2021; De laco et al., 2020). There are
potentially more pluripotency or pioneer factors hidden within the early wave of
transcription. In mice, early activated genes are transcribed from the first cell cycle,
and code for proteins involved in basic cellular function, as well as clearance of
maternal RNA and protein, while transcription factors and patterning factors activate
later. In zebrafish, early transcription appears 4 cell cycles before main wave of ZGA.
Genes transcribed in the early wave are mostly short, allowing for rapid transcription

43



during the extremely fast cleavage cell cycles, and contain genes involved in embryo
maintenance as well as transcription factors and chromatin remodellers (Collart et
al., 2014; De Renzis et al., 2007; Heyn et al., 2014). 592 genes were found to be
expressed early in zebrafish embryos, with 152 of them purely zygotic (compared to
over 3000 genes activated at ZGA) (Heyn et al., 2014). During ZGA the proportion is
similar, with about 25% of activated genes being purely zygotic, while the rest are
genes which mRNAs were also provided by the mother(Lee et al., 2013).

Perhaps the best example of an early zygotic gene having a large influence on ZGA is
the previously described regulator of clearance of maternal transcripts: miR-430
(Giraldez et al., 2006), which also seems to have a role in spatially organising
transcription into massive subnuclear foci, termed transcription bodies (Hadzhiev et
al., 2019). Data currently in pre-print also seems to suggest that the transcription
bodies formed around miR-430 locus promote transcription of a subset of other
genes present on chromosome 4 — most of which are zinc-finger DNA binding factors
with unknown function (Hadzhiev et al., 2021). Their role could be in transcription
activation during main wave ZGA, as many zinc finger transcription factors are
known, such as Drosophila Zelda. Dissecting individual roles of these zinc finger
family factors will be particularly tough, however, as high sequence homology
between them makes them difficult targets of mutagenesis and genome engineering
tools.

Analysis of the minor wave genes also found that majority of them have a very
particular promoter structure, containing a TATA box and a “sharp” transcription
start site (Chen et al., 2013; Hadzhiev et al., 2021; Sandelin et al., 2007). Major wave

genes lack this promoter structure (Haberle et al., 2014b). This suggests that there
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might be a difference in transcriptional machinery used between minor and major
wave genes as their core promoter structure differs, however further studies are
needed to confirm this (Haberle et al., 2019; Hadzhiev et al., 2021; Muller et al.,

2010).

1.1.7 ZGA and Cell Cycle Interaction

ZGA in embryos coincides with a ‘switch’ in cell cycle mechanics. In most species, pre-
ZGA divisions are fast and contain no gap phases associated with gene expression. At
ZGA and beyond, cell cycles become slower. The temporal correlation of ZGA and the
introduction of gap phases into the cell cycle, and its consequential slowdown,
seemed to indicate that increasing cell cycle length can be causative for ZGA. While
that was the case in Xenopus embryos, in other species manipulation of cell cycle
length did not lead to transcriptional activation, with ZGA being independent of cell
cycle manipulations (Kimelman et al., 1987; Zhang et al., 2014).

While cell cycle lengthening is not required to trigger ZGA, the co-incidence of these
two processes provides an environment that enables increased levels of gene
expression in embryo cells and provides more checkpoint-level control over DNA
damage that can result from replication-transcription conflicts. Interactions between
DNA replication and transcription in the early embryo were recently reviewed (Kermi
et al., 2017). In line with the notion of extensive transcription posing a DNA damage
risk in early, fast-dividing embryos, only low levels of transcription are detected
before ZGA, and even then the genes transcribed are very short, with few or no
introns, and often late replicating (Heyn et al., 2014; Swinburne and Silver, 2008).
Experiments using an early gene knirps (kni) and its homologue knirps-related (knrl)
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in Drosophila shown that while the 3kb gene encoding kni could be transcribed early,
the 23kb-long knrl could not and resulted in a truncated product (Rothe et al., 1992).
Transcription in early embryo associates with S-phase (Hadzhiev et al., 2019) and
must therefore coincide with replication.

Interestingly, it was shown that ZGA, and its corresponding lengthening of cell cycles,
is required for activation of replication checkpoints and DNA repair in embryos.
Studies in Drosophila showed mutants of ATR and Chkl kinases arresting in
development and dying due to genome instability (Sibon et al., 1999; Takada et al.,
2007), while blocking zygotic transcription led to a reduction in DNA damage —
suggesting that transcription-replication conflicts are a major source of DNA damage

III

in the early embryo, but also are to some extent “necessary evil”, as transcription is
needed to slow down cell cycles and activate repair checkpoints (Blythe and
Wieschaus, 2015; Fogarty et al., 1994; Sibon et al., 1997).

As DNA repair and S-phase checkpoints have been found to be inefficient in embryos
(Desmarais et al., 2012; Raff and Glover, 1988), it may make them a particularly
enticing model to study mechanisms of DNA repair. Fast dividing cells, driven to
divide as fast as possible by internal factors, having to co-ordinate very fast
replication with transcription, and showing deficiencies in DNA repair mechanisms
show many similarities to cancers. Study of the complex relation between
transcription and replication in embryos not only unveils the principles governing

them, but can also shed light on similar processes relevant in cancer formation and

maintenance, and thus give direction to research on cancer treatments.
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1.2 Zebrafish as a Model Organism

1.2.1 Overview

Zebrafish (Danio rerio) is one of the most prevalent model organisms used in a range
of biological areas, valued particularly as a model in studies of embryonic
development. They are small freshwater fish from the Cyprinidae family of the
teleost class. They are commonly used as aquarium fish due to their small size
(<120mm length of adults), easy maintenance and particular bright and dark striped
pattern of pigmentation (hence “zebra”-fish). They are not the only commonly used
fish model, others include medaka (Oryzias latipes), pufferfish (Takifugu rubripes)
and green spotted pufferfish (Tetraodon nigroviridis). Zebrafish remains very popular
as a model organism and is used extensively in various branches of biomedical

research (Parichy, 2015; Varga et al., 2016).

Adult zebrafish are easy to maintain and breed, with hundreds of embryos being laid
in each mating cycle. Embryos develop very rapidly ex utero, forming a free-feeding,
free-swimming larva in a period of 5 days, and reaching sexual maturity in
approximately 3 months (Kimmel et al., 1995; Parichy et al., 2009). Despite their
generation time being similar to that of mice, zebrafish lend themselves better to
studies of vertebrate development, as they remain transparent through most of the
development and organogenesis, allowing better utilisation of microscopy
technigues and non-invasive employment of in vivo microscopy, a significant
advantage over other developmental biology models. Due to the external

development and relative sturdiness, zebrafish embryos are also very easy to
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manipulate in large numbers, with microinjections into the yolk or cells being a
commonly used method of delivery of factors. Zebrafish embryos can also be easily
used in high throughput drug or toxicology studies, as many drugs can be dissolved
into the water. Zebrafish genome has been fully sequenced and contains over 26000
protein-coding genes on 25 chromosomes. Over 70% of human genes have at least
one orthologue in zebrafish (Howe et al., 2013), justifying usage of zebrafish as
models of human disorders and suggesting high evolutionary conservation of
biological mechanisms between these species.

A repository of zebrafish gene expression patterns, alongside information about
genes, mutations and phenotypes, available mutant lines, antibodies and
morpholinos, as well as publications has been created, and is actively updated and
curated as a database at Zebrafish Information Network (zfin.org) (Bradford et al.,

2022), providing an invaluable source of information for researchers.

1.2.2 Zebrafish Embryonic Development Overview

Zebrafish embryonic development has been extensively studied and well described
(Kimmel et al., 1995). A brief overview of the early stages of the zebrafish
development, pertinent to the scope of this thesis, will be given below. Zebrafish
eggs are laid by the mother, protected by a thin layer of chorion, and fertilised
externally by the father’s sperm. After fertilisation, the egg becomes activated in an
extended first cell cycle, lasting around 20-25 minutes, before moving through
multiple cycles of rapid (10-15 mins) and synchronous cell divisions. During the early
cleavage stages, cells sit on top of the yolk, positioned at the animal pole of the
embryo (Fig. 1.5 A-D). The formed blastula progresses through synchronous cleavage
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cell cycles until reaching 1000-cell stage (referred to as 1k cell stage, with
approximately 1024 cells) at approximately 3 hours post fertilisation (Fig. 1.5 E). At
that point, as mentioned before, main wave of ZGA is observed, and blastomeres
lose synchrony while individual cell cycles increase in length. Blastomeres continue
to divide at the animal pole (Fig. 1.5 F, dark grey) and cell migration starts occurring
after around 4 hours of development, marking the beginning of gastrulation and a
process called epiboly, in which the epiblast (dark grey in 1.5 G) forms and begins the
directed cell migration to envelop the yolk cell. Fig. 1.5 G and H show that cell
migration, as deep blastomeres migrate towards the surface and start forming a ring
structure centred directly around the animal pole (germ ring), while the epiblast
continues to envelop the yolk. Some of the leading cells of the epiblast start to
involute and extend, forming the embryonic shield (Fig. 1.5 I, the thickening on the
right side), while the epiboly continues as the epiblast envelops the yolk (Fig. 1.5 J-
K).

The involution of cells continues from the embryonic shield, forming the anterior-
posterior axis in the process of gastrulation, as the 3 embryonic germ layers of
ectoderm, mesoderm and endoderm are formed (Kimmel et al., 1995; Schier, 2001).
At around 10 hpf (Fig. 1.5K) epiboly completes and a period of segmentation starts
in zebrafish embryos (Fig. 1.5 L-M), during which first organogenesis and
neurogenesis takes place, as well as formation of somites, while a tail starts forming
and extending (Fig. 5N). Around 22 hours post fertilisation most somites have formed
and the embryo enters the pharyngula stage (Fig. 50), a phylotypic stage in zebrafish
development. At this point embryos are still confined to the chorion and are

relatively immobile, however as organogenesis continues, the heart starts to beat,
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fins start to appear and pigmentation develops at the surface of the embryo,
embryos hatch from their chorions around or before 48 hours post fertilisation
(Kimmel et al., 1995; Westerfield, 2000). At around 72 hours zebrafish embryos reach
a larva stage (Fig. 1.5 P), at which point the swim bladder inflates and around 120 hpf

(5 days post fertilisation) they become free-feeding organisms.
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Fig. 1.5. Zebrafish embryonic development stages.

A panel of not-to-scale cartoon sketches of zebrafish embryo development, starting from the (A) 1-
cell-stage zygote (fertilised egg) and progressing to (P) protruding mouth embryo 72 hours post
fertilisation. Lighter grey is used to depict the yolk cell. Stages and their approximate time post
fertilisation when kept at 28.5°C as described by (Kimmel et al., 1995) are given below:

(A) 1 cell stage embryo (20-25 mins post fertilisation), (B) 2-cell stage (0.5 hpf), (C) 8-cell stage (1.25
hpf), (D) 128-cell stage (2.25 hpf), (E) 1k-cell stage (3 hpf), (F) sphere stage (4 hpf), (G) dome stage
(4.33 hpf), (H) 50% epiboly stage (5.25hpf), (I) shield stage (6 hpf), (J) 75% epiboly stage (8 hpf), (K)
bud stage (10 hpf), (L) 5 somites stage (11.66 hpf), (M) 10 somites stage (14 hpf), (N) 21 somites stage
(19.5 hpf), (O) prim-5 stage (24 hpf), (P) protruding mouth stage (72 hpf).
Figure created with BioRender.com.

1.2.3 Transgenesis in Zebrafish

Zebrafish have also proven relatively easy to genetically manipulate with a vast
selection of previous overexpression, knockdown and knockout studies, which
contributed to understanding of gene function and disease mechanisms (Meyers,
2018). Forward genetic screens were common in early days of zebrafish research,
identifying numerous mutations and phenotypes, including many developmental
defects (Amsterdam et al., 1999; Grunwald et al., 1988; Kimmel et al., 1989).
Reverse genetics adopt an inverse approach, wherein a known genetic target is
disrupted in order to assess its function in the organism. As is the case with most
model organisms, common methods of targeted gene disruption and mutagenesis

have been adopted to use with zebrafish (reviewed in (Sertori et al., 2016)). Gene
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knockouts can be achieved through use of modified nucleases that can be targeted
to the target gene by sequence homology. These tools include zinc finger nucleases
(ZFNs) (Ekker, 2008), and transcription activator-like effector nucleases (TALENSs)
(Hwang et al., 2014; Sander et al., 2011; Sertori et al., 2016).These tools have been
successfully utilised to create knockouts of multiple genes, including a knockout of
nanog (Gagnon et al., 2018), however the costs and laboriousness of their use
prevented their widespread popularity. That was mostly due to the rise in popularity
of CRISPR-Cas9 methods. CRISPR stands for clustered regularly interspaced short
palindromic repeats, and it is a bacterial and archaeal system of adaptive immunity
against viruses, especially bacteriophages. In brief, small fragments of phage genome
become incorporated into a cluster of palindromic repeats, which can be transcribed
to produce short RNAs. These short, 20-22nt RNAs, termed guide RNAs, form a
complex with a DNA endonuclease Cas9, that uses the guide RNA sequence as a
template to bind to complementary DNA, at which point a double strand break is
formed. This form of bacterial defence has been engineered and adapted for use in
eukaryotes to target virtually any genomic sequence, as long as a valid guide RNA can
be generated (Jinek et al., 2012). Due to inefficient DNA repair of double strand
breaks by non-homologous end joining (NHEJ) or homologous recombination
pathways, targeted use of Cas9 often results in mutations in the targeted locus. Most
common Cas9-induced mutations are insertions or deletions of single nucleotides,
often leading to frameshift mutations(Allen et al., 2018; Naert et al., 2020). The
method has quickly been adapted for use in zebrafish and has been commonly used
since, thanks to relative easiness of generating guide RNAs and rapidly decreasing

costs (Hruscha and Schmid, 2015; Hwang et al., 2013; Jao et al., 2013; Liu et al., 2019).
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Constant advancements in the CRISPR technology and its high adaptability provides
zebrafish researchers with many new tools of gene disruption, as Cas9 can also be
used to e.g. disrupt transcription by sterically interfering with the gene locus,
displacing transcriptional machinery (CRISPRIi).

CRISPRi is a particularly exciting development for the zebrafish community.
Commonly used approaches of RNA interference (RNAI) using short interfering RNAs
(siRNAs) or short hairpin RNAs (shRNAs) offered mixed results, leading to efficient
gene knockdown (Liu et al., 2005), but also causing unspecific developmental defects
in embryos, later attributed to the loss of a key contributor to maternal-to-zygotic
transition miR-430 (Zhao et al., 2008). Due to this effect, RNAi is rarely used in studies
of zebrafish embryonic development, with alternative tools for gene knockdown
favoured (Giacomotto et al., 2015).

Morpholino oligonucleotides (referred to as morpholinos) are commonly used in
zebrafish research as such an alternative. Those short, chemically modified antisense
oligonucleotides (20-25 nt) bind to complementary mRNA and are able to block its
translation, either by hindering correct splicing (if bound to the splice sites in pre-
MRNA) or by hindering ribosome assembly on the mRNA (if bound to the 5’
untranslated region) (Nasevicius and Ekker, 2000). Morpholino-bound mRNAs can
then be targets of RNAse H — as they are recognised as DNA-RNA hybrids and
degraded. This leads to a knockdown of expression without disruption to the genome
(Bill et al., 2009; Nasevicius and Ekker, 2000). Morpholinos have been commonly
used in vivo, injected into 1-cell stage zebrafish embryos, and they were successfully
able to phenocopy many of the known gene depletion phenotypes, leading to its

widespread use by zebrafish community (Corey and Abrams, 2001; Stainier et al.,
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2017). Morpholinos do, however, have some limitations. Morpholinos are transient
and only produce a fully penetrant phenotype in the first 48 hours after injection.
There were also common occurrences of non-specific phenotypes resulting from off-
target or unspecific morpholino binding, most notably causing activation of the p53
pathway and subsequent apoptosis (Bedell et al., 2011; Lai et al., 2019; Robu et al.,
2007). More recently, it was shown that mutants generated with site-specific
nucleases (such as TALENs or CRISPR-Cas9) did not produce phenotypes that were
shown by multiple morpholinos, especially those targeting genes involved in early
embryonic development (Kok et al.,, 2015). These morphant phenotypes are
therefore likely to be misattributed to the target genes due to an off-target or
unspecific effect. Itis therefore important to approach morphant results with caution
and seek verification using alternative tools.

In the context of morpholino efficiency, it is worth mentioning genetic compensation
(EI-Brolosy and Stainier, 2017). In short, genetic compensation refers to a
phenomenon where a loss of function mutation in one gene results in an increase in
expression of related genes to restore normal cellular function (Rossi et al., 2015). In
zebrafish embryos, studies have shown that genetic compensation can occur in
response to mutations in genes involved in developmental processes, such as axis
patterning and segmentation (Rossi et al., 2015). The mechanism of compensation
involves activation of gene networks that functionally replace the lost gene, and can
result in the preservation of embryonic development. This mechanism occurs only
when mutant mRNA is decaying or degraded (El-Brolosy et al., 2019). Genetic
compensation can serve as a potential explanation why morpholino-directed RNA

knockdowns could exhibit phenotypes that were different or more severe than the
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targeted gene knockouts. Knockdowns cannot trigger the genetic compensation
pathways, while a subset of knockout mutants (producing mRNA product of its gene)
can. This opens more questions regarding what can be considered a “true”
phenotype of a mutant — the one with or without genetic compensation — and how
would transcriptional adaptation of some mutants affect inferring function from
mutated genes. An argument could be made that the most precise method of
generating loss-of-function mutations is a full knockout of a gene, preventing any
transcription taking place, thus making it impossible for genetic compensation

pathways to activate.

1.2.4 Zebrafish and the Toolset For ZGA Studies

Zebrafish have been used extensively as a model for studies of embryonic
development thanks to their significant advantages over other model organisms. As
the time between fertilisation and ZGA is only 3 hours, and zebrafish embryos are
laid in hundreds, this gives a good opportunity for large-scale studies, especially
when compared to rodents. In addition, lack of pigmentation and embryo
transparency allows easy detection of phenotypes as well as use of microscopy to
observe and study development, lending zebrafish well to use of fluorescence
markers in particular (Ko et al., 2011), which can and have been used in tracking
transcription in zebrafish. Zebrafish embryos can easily be used in in vivo studies
using live microscopy without any hindrance to their development (Keller, 2013). An
example of that is Light-Sheet Microscopy, where zebrafish embryos can be mounted
in chorions and imaged in 3 dimensions for multiple hours (Abu-Siniyeh and Al-
Zyoud, 2020), or even days (Wragg, unpublished data).
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Early development in zebrafish is not identical to that seen in mammals, with much
faster cell cycles and ZGA occurring after multiple rounds of cell divisions. However,
zebrafish genome contains a significant number of genes homologous to their
mammalian counterparts, and can be a powerful model in discerning the basic
mechanisms governing embryogenesis and transcriptional activation. Studies like
(Lee et al., 2013) showing homologues of human stem cell pluripotency factors
(Nanog, Pou5f3, Soxlb) playing a key role in activating transcription and
reprogramming of embryo cells into pluripotency in zebrafish embryos are
encouraging examples of how zebrafish can be used to model ZGA despite the
differences to mammalian ZGA.

The rise of next generation sequencing offered new insights into studies of ZGA with
possibilities to study chromatin openness (ATAC-seq) (Palfy et al.,, 2020) and
conformation (3C, 4C, Hi-C) (Kaaij et al., 2018), binding of proteins to chromatin and
enrichment of histone marks (ChlP-seq) (Vastenhouw et al., 2010; Zhu et al., 2019),
analyse the transcriptome using RNA-seq and its multiple developments (Heyn et al.,
2014; Vejnar et al., 2019; White et al., 2017), study mechanisms of promoter usage
and architecture using CAGE-seq (Haberle et al., 2014a; Nepal et al., 2013), as well
as many other genomic and epigenomic tools emerging in recent years (Akdogan-
Ozdilek et al., 2020). The significant limitation of sequencing studies in embryos is
the small number of available cells, difficult especially when subsets of cells are
studied (Wragg and Miiller, 2016). Zebrafish embryos are much better suited for that
application than, for example, mouse embryo due to larger number of sibling
embryos in each lay, as well as the easiness of manipulation of multiple embryos.

However, those relatively small cell numbers, as well as the intrinsic variabilities
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coming with use of in vivo models still must be taken into account and can hinder
studies in comparison to use of cultured cells.

On the cellular level, zebrafish development might not be as tractable as that of C.
elegans, but new studies using single-cell genome sequencing are able to discern cell
populations with particular cell fates and expression profiles, aiming to create lineage
maps of those populations (Jiang et al., 2021; Tatarakis et al., 2021; Wagner et al.,
2018). Some studies even managed to visualise and track individual mRNA
localisation across space and time by combining single-cell RNA sequencing with
embryo cryosectioning (Holler et al., 2021; Liu et al., 2022a), providing even more
information on the arising cell fates and their relation to maternal mRNA distribution
in the embryo.

New methods have also enabled studies into the nascent transcription of mRNAs in
embryos, identifying which genes, when, and (in case of single cell studies) in which
cells genes are first transcribed. Various methods of labelling the nascent RNAs
produced in the embryo can be used to distinguish zygotically produced transcripts
in sequencing or in microscopy (Schulz and Harrison, 2019). The methods include
exposing embryos to modified ribonucleotides such as 4-thio-UTP (4-sUTP) (Heyn et
al., 2014) or 5-ethynyluridine (EU) (Chen and Good, 2020) that get incorporated only
into the zygotically transcribed mRNAs and which can later be isolated for sequencing
(Fig. 1.6 A) or specifically imaged. Another method allows detection of nascent
transcription by use of MS2-based reporters, RNA of which can be bound by MS2
coat protein fused with a fluorescent marker (Fig. 1.6 B) (Campbell et al., 2015).
Advent of CRISPR/Cas9 technologies has also allowed use of catalytically dead Cas9

nuclease (dCas9) as a fluorescent fusion protein to bind directly to mRNAs of interest
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and fluorescently mark them (Fig. 1.6 C) (Chan et al., 2019; Nelles et al., 2016).
Specifically modified morpholino oligonucleotides bound with FITC fluorophore have
also been used to detect transcripts of specific target genes during early
development in zebrafish and allowing to visualise nascent transcription of miR-430

as early as 64 cell stage (Hadzhiev et al., 2019).
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Fig. 1.6. A schematic of methods used to visualise nascent transcription in zebrafish.

(A) Detection of nascent transcription by metabolic labelling using ribonucleotide analogs such as 5-
EU or 4sUTP, showing steps of labelling followed by fluorescence labelling or pull-down for
sequencing. (B) Detection of a nascent transcript by MS2 based reporters. Through transgenesis, a
construct containing a reporter gene of interest and sequence coding for multiple MS2 motifs is
introduced into the genome. MS2 sequences form stem loops when transcribed, and they are
transcribed alongside mRNA of interest. MS2 stem loops are bound by a MS2 capture protein (MCP)
fused with GFP. (C) Detection of transcripts using dCas9-GFP fusion. dCas9-GFP is able to bind the
target mRNA through complementary binding of a specifically designed guide RNA (gRNA) and an
additionally provided DNA oligo that contains the PAM motif (PAMmer), which is required for Cas9
binding to mRNA of interest, as Cas9 traditionally binds to double-stranded DNA. The fusion of dCas9
and GFP is utilised for imaging. Adapted from (Schulz and Harrison, 2019).
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These methods of detection of nascent RNA complement well with established
methods of detection of mRNAs in zebrafish embryos, such as fluorescent in situ
hybridisation (FISH) in which an antisense modified probe is generated to target an
mRNA of interest, and later visualised through colourimetric visualisation (Thisse and
Thisse, 2008) or by fluorescence detection (Welten et al., 2006). This method has
been particularly useful in establishing anatomical patterns of gene expression
throughout zebrafish development. A modification of this method, termed single-
molecule FISH (smFISH) is used for quantitative detection of mMRNAs in individual cells
(Oka and Sato, 2015), as opposed to more qualitative detection using classic FISH.

As in other models, tools like quantitative reverse transcription polymerase chain
reaction (QPCR) are at the disposal of researchers to measure relative abundance of

MRNAs of interest.

1.3 Mxtx2 in Zebrafish Development

Most of the known regulators of ZGA are maternally provided and often act as
chromatin regulators as well as transcription activators — pioneer factors. However,
the role of early expressed genes in ZGA has not been as extensively studied. In
zebrafish embryos, a number of those genes were identified and their early
expression quantified across early development stages (Heyn et al., 2014). miR-430
the most expressed zygotic transcript and its role in MZT has been well described,
but some other interesting candidates were identified. One of these was a
transcription factor Mxtx2, or mix-type homeobox gene 2. It is a purely zygotic (i.e.

not maternally provided) factor, expressed first in the 256 cell-stage (2.5 hpf) embryo
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(Heyn et al., 2014) — 2 cell cycles before main wave of ZGA. Mxtx2 is encoded by a
short (1537 bp) gene located on chromosome 12 and containing few introns (Fig. 1.7
A), matching the previous description of early-expressed zebrafish genes. Indeed,
mxtx2 is expressed early, with a peak around dome stage (4.33 hpf), and finishes at
approximately shield stage (6 hpf), during epiboly (Fig. 1.7 B). Previous studies have
implicated mxtx2 to be involved in induction of embryonic germ layers of mesoderm
and endoderm through an interaction with the Nodal signalling pathway (Hong et al.,
2011; Xu et al., 2012), and also as the gene responsible for induction of first

morphogenetic cell movements in the embryo — epiboly (Wilkins et al., 2008).
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Fig. 1.7. An overview of mxtx2 gene structure and expression

(A) Schematic representation of the structure of the mxtx2 gene, including UTR’s (orange), exons
(green) and introns (grey) to scale. Arrow direction indicates the gene orientation on the coding strand
of the chromosome 12. Image obtained using SnapGene software. (B) Timing of mxtx2 expression in
early development, across multiple stages ranging from 1-cell to the pharyngula stage of prim-15 (30
hpf), indicated by RNA-seq data (White et al., 2017) from 5 biological replicates. Gene expression is
measured by transcripts per million (TPM), normalised by authors. Original datasets available from
EMBL Expression Atlas.

61



1.3.1 Mxtx2 as a Homeobox Protein

Mxtx2 contains an N-terminal homeobox domain (helix-turn-helix DNA binding
domain), allowing it to bind to sequence-specific sites on DNA, and it is able to act as
a transcriptional activator. Genes containing mix-type homeodomains have been
previously implicated in several roles in embryonic development, such as
coordination of axis formation and determination of particular cell fates, including
that of mesendoderm — later forming the germ layers of mesoderm and endoderm
(Pereira et al., 2012). There has been no previous research indicating that Mxtx2
could possess a chromatin remodelling capacity, and it is not known whether it could
function as a pioneer factor.

Many of the key transcriptional activators such as Nanog, Pou5f3 (Oct4), murine DUX
and human DUX4 are also members of the homeobox family of DNA-binding
proteins. However, this is a very broad family of proteins sharing a conserved domain
of 60 amino acids, allowing DNA binding and regulation of gene expression.
Nevertheless, homeobox proteins function in a variety of processes. Presence of a
homeobox domain in Mxtx2 does not therefore reveal much detail about its function.
BLAST alignment of Mxtx2 amino acid sequence to proteins of other model
organisms does, however, show an interesting pattern. Among the genes showing
the highest percentage identity to Mxtx2 are human DUX3, DUX4 and DUX5, murine
homeobox proteins SEBOX and MIXL1, Xenopus laevis pituitary homeobox 3 protein
(Pitx3), and zebrafish Mxtx1 — paralogue of Mxtx2 (Fig. 1.8 A). As most of the identity
between those proteins stemmed from the homeobox domain, | have decided to
align and compare the 60 amino acid homeobox domains of zebrafish Mxtx2, Mxtx1

and Nanog, as well as homeobox domains present in murine Dux and human DUX4
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(each of these protein contains 2 homeobox domains). Dux, DUX4 and Nanog were
selected to compare functional domains of known (or candidate) homeobox stem
cell pluripotency factors to that of Mxtx2. When aligning the sequence of homeobox
domain of zebrafish Mxtx2 to functional domains of murine Dux and human DUX4
(each containing 2 homeobox domains), we can observe 30-56% identity between
these (Fig. 1.8 B). There are, however, several stretches of conserved residues shared
between Mxtx2, Dux and DUX4 that could suggest a degree of shared function. It
would require further structural analysis (e.g. using Alphafold software to visualise
protein folding) to discern the role of these residues in DNA binding and whether
these serve as key residues for homeobox function. The consensus DNA binding motif
of Mxtx2 has been proposed based on ChIPseq analysis in Mxtx2 overexpression
experiment (Xu et al., 2012) (Fig 1.8 C).

Mxtx1 has been mentioned as an Mxtx2 paralogue in the sequence alignment
analyses(Fig. 1.8 A-B). Likely formed as a result of a genome duplication during
teleost ancestral evolution (Howe et al., 2013), Mxtx1 is another mix-type homeobox
transcription factor, and is involved in cell migration and heart morphogenesis
(Langenbacher et al., 2012; Pereira et al., 2012; Sakaguchi et al., 2006). It is only
transcribed after ZGA, suggesting its lack of involvement in ZGA regulation.
Zebrafish Mxtx2 functional domain also shares around 30% identity with that of
zebrafish Nanog (Fig. 1.8 B), and additionally has been annotated on ZFIN
(https://zfin.org/ZDB-GENE-000710-6, accessed 09/08/2022) as orthologous to
human DUX4L5, DUX4L6 and DUX4L7, members of the DUX4 cluster.

All of this suggests mxtx2 as an interesting target to study further, with the

relationship with contested genome activators Dux and DUX4 suggesting a broader
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role for Mxtx2 in the context of embryonic development, potentially even one

affecting the zygotic transcription.
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Fig. 1.8. Zebrafish Mxtx2 holds similarity to human DUX4

(A) Results of BLASTP (blast.ncbi.nm.nih.gov) alignment of zebrafish Mxtx2 amino acid sequence to
the non-redundant GenBank protein database. Default alighment settings were used, with the
exception of limiting the search to model organisms: human, mouse, Xenopus laevis and tropicalis,
Drosophila melanogaster and zebrafish. Results were sorted by the percent identity score. Among the
top 50 proteins by percent identity, several proteins of interest were selected (including Mxtx2 as a
control) and Graphical Summary of these alignments is presented. Coloured lines depict positions at
which respective proteins align and share identity with Mxtx2. Colour of the line indicates the BLASTP
alignment score (higher score = higher sequence identity), with green indicating score of 50-80, pink
indicating score of 80-200, and red indicating score of 200 or higher. (Altschul et al., 1997) (B) Multiple
sequence alignment (T-Coffee) of amino acid sequences of homeobox domains of previously
mentioned proteins. In line 7, domain of a more distant member of the homeobox family - zebrafish
Nanog - was aligned. Zebrafish Nanog provides information about conservation of the domain within
zebrafish, showing identity in several residues, acting as a protein family and species ‘control’.
Coloured background denotes identity of a residue at that position to the Mxtx2 homeobox domain.
“cov” refers to percentage coverage of alignment (it is 100% as all homeobox domains are 60 amino
acids), while “pid” refers to the calculation of percentage identity between amino acids sequences, as
calculated by the T-Coffee algorithm. (C) The consensus sequence of Mxtx2 DNA binding site, resulting
from aligning the 1000 top DNA binding regions of an Mxtx2 ChIPseq analysis done in mxtx2-Myc
mMRNA injected embryos in dome (4.33 hpf) stage. Image from Xu et al. 2012, Figure 6B.
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1.3.2 Mxtx2 Function and Relation to the Nodal Pathway

Interestingly, zebrafish Mxtx2 has been shown to act downstream and be regulated
by maternal Nanog in early development. Maternally deposited Nanog is required
for transcription of mxtx2 in the early embryo and a Nanog binding site has been
found at the mxtx2 locus (Veil et al., 2018; Xu et al., 2012). Several roles of mxtx2
have been found using a study with morpholino oligonucleotide knockdown of its
function. Mxtx2 was found to be a factor necessary and sufficient for induction of
one of the first separated cell fates in the embryo —that of yolk syncytial layer (YSL),
which will be described later in this thesis. ChIP-seq studies using an overexpression
of mxtx2 found that this transcription factor is able to bind 1751 genes at dome stage
(after ZGA), and binds approximately 44% of all YSL specific genes (Xu et al., 2012).
The same study found that Nanog functions as an upstream activator of mxtx2
expression, and that Mxtx2 binds Nodal-related effectors (ndrl and ndr2) in the
zebrafish embryo, likely being responsible for activating their transcription. It was
suggested that a direct Nanog-Mxtx2-Nodal pathway of transcriptional activation is
responsible for expression of Nodal genes in the YSL (Fig. 8D), which would explain
its implication in specification of mesendoderm, as well as the epiboly-specific

phenotype.

Nodal is a member of the transforming growth factor beta family of signalling
proteins and has been shown to play a pivotal and essential role in formation of a
precursor to primary germ layers of mesoderm and endoderm — the mesendoderm
(Bennett et al., 2007; Conlon et al., 1994; Schier, 2009). In simple terms, Nodal is a

secreted protein that, after being modified by convertase enzymes is a ligand to
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membrane receptors, that also act as serine/threonine kinases. In zebrafish, there
are 3 secreted Nodal proteins — nodal-related 1 (ndr1), nodal-related 2 (ndr2), and
nodal-related 3/southpaw (ndr3/spaw). ndr1 is provided maternally, ndr2 is an early-
expressed purely zygotic gene, and ndr3/spaw is only expressed after gastrulation
(Xing et al., 2022). Nodal-activated receptors in turn phosphorylate a number of
intracellular targets, a main group of which are Smad proteins. Phosphorylation of
Smad2/Smad3 transcription factors by activins results in their association with
Smad4 protein and translocation to the nucleus, where Smad2/3 can bind their
genomic targets and regulate transcription, but also cooperate with multiple binding
partners including other transcription factors (Hill, 2018; Ross and Hill, 2008; Schier,
2009). Active Smad complexes are very tightly regulated through these partnerships,
and can function through chromatin remodelling and histone modifications to

modify transcriptional output of many genes (Ross et al., 2006).

Effects of Nodal signalling overlap functionally with function of Eomesodermin A
(eomesa), a maternally provided T-box transcription factor implicated in epiboly
initiation and progression, as well as mesoderm and endoderm specification,
similarly to mxtx2 (Nelson et al., 2014). Eomesa likely forms a complex with Smad2
in zebrafish, responding to Nodal signalling. Interestingly, Eomesa has been found to
bind the cis-regulatory modules of mxtx2 and suggested to be an activator of its
expression (Nelson et al., 2017; Xu et al., 2014). Additionally, overexpression of
eomesa led to ectopic activation of mxtx2 expression, with presence of both Eomesa

and Mxtx2 required for correct progression into epiboly (Bruce et al., 2005). Taken
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together, this suggests a potentially interesting regulatory loop in the regulation of

mesendoderm induction and epiboly by those factors.

1.4 Epiboly and the Yolk Syncytial Layer

After the main wave of zygotic genome activation in zebrafish embryos, cells start to
acquire changes in morphology and motility and start migrating, forming the first
structures and beginning gastrulation. Those first cell movements indicate a start of
epiboly, an evolutionarily conserved first morphogenetic event in embryo
development. Fundamental work discovering and describing this process was done
in a teleost Fundulus heteroclitus (Trinkaus, 1984), however most understanding
came from studies in zebrafish embryos (Carvalho and Heisenberg, 2010).

Epiboly is the first major event in zebrafish development after ZGA and plays a crucial
role in coordinated cell movements leading to gastrulation. Epiboly cell movements
start approximately 4.3 hpf, just as dome stage forms, and carry on until bud stage
(10 hpf). Onset of epiboly requires zygotic transcription taking place, inhibition of
zygotic transcription leads to cells continuing to divide (for a period) at the animal
pole past sphere stage, but not beginning epiboly (Kane et al., 1996).

Epiboly in zebrafish has been a subject of interest, and recent developments have
been reviewed (Bruce and Heisenberg, 2020). Here, | will give a brief overview of the
epiboly events applicable to the subject of this thesis.

Just before epiboly starts, the zebrafish embryo consists of approximately 4000 cells
sat on top of the yolk at the animal pole (sphere stage). This group of cells is referred
to as blastoderm, with individual cells referred to as blastomeres. Surface

blastomeres form a thin sheet of cells with an epithelial cell fate that already began
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differentiation called the enveloping layer (EVL), covering the cell mass. The yolk cell
is multinucleated, and the nuclei form a syncytium within the yolk (membrane-less
multinucleated phase with shared cytoplasm), a layer just below the cell mass — YSL.
The individual nuclei forming YSL are known as yolk syncytial nuclei (YSN) (Kimmel et
al., 1995). First panel of Fig. 1.9 provides a schematic overview of the embryo
anatomy before the onset of epiboly.

As epiboly starts, the yolk cell domes, EVL cells begin to flatten and spread along the
surface, deep cells begin migrating towards the embryo surface in the animal
“hemisphere” of the embryo (radial intercalation), and YSL begins to narrow along
its latitude. The YSL layer begins to form 2 distinct populations. External YSL (E-YSL)
is located on the margins of the spherical embryo along the latitude, forming an
interface with EVL, while internal YSL (I-YSL) forms an interface with deep cells and
begins to involute underneath them. As epiboly progresses, I-YSL expands (Fig. 1.9 -
dome and 50% epiboly panels). Radial intercalation of deep cells in the first stages of
epiboly has been associated with the establishment of the first morphology changes
in these blastomeres, as well as the first axis polarity gradients (Bruce and

Heisenberg, 2020; Morita et al., 2017).
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Fig. 1.9. Schematics of zebrafish epiboly.

Lateral views of embryos at selected stages of epiboly. Sphere stage (4 hpf) — blastoderm is present
at the animal pole of the embryo and forms a flat interface with the yolk cell (yellow) along the embryo
longitude. Enveloping layer (EVL) is marked in light blue and deep cells in dark blue, yolk syncytial
nuclei are marked with brown dots, and external yolk syncytial layer (E-YSL) is indicated with arrows.
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Fig. 1.9. (cont.) Dome stage (4.3 hpf) - epiboly starts with yolk cell doming and deep cells start their
radial intercalation towards the animal pole. Yolk syncytial nuclei start to form the internal yolk
syncytial layer (marked I-YSL) underneath the deep cells. During epiboly progression, the yolk syncytial
layer and blastoderm move vegetally. 50% epiboly (5.3hpf) - the blastoderm has reached the embryo
equator. Shield stage (6hpf) — embryonic shield forms on the dorsal side of the embryo (marked with
“d”) 75% epiboly (8hpf) - blastoderm and yolk syncytial layer continue to progress towards the vegetal
pole, with the EVL and blastoderm spreading across the yolk cell. Mesendoderm (marked in red) is
internalized underneath the migrating blastoderm on the dorsal side. Bud stage (10 hpf) - epiboly and
gastrulation are complete with the entire yolk cell encapsulated and the YSL and blastomeres closing
together at the vegetal pole. Mesendoderm is marked in red, while ectoderm is marked in blue. Figure
adapted from (Bruce and Heisenberg, 2020).

As epiboly progresses, external yolk syncytial layer and blastoderm gradually move
towards the vegetal pole, with pulling forces generated by yolk microtubules and
actomyosin filaments (Bruce and Heisenberg, 2020). An actomyosin ring forms in the
E-YSL, contracting around the circumference of the embryo and generating a tension
gradient pulling the attached EVL, causing it to spread around the surface (Bonneau
et al.,, 2011; Hernandez-Vega et al., 2017). Migration of deep cells and their
intercalation and spreading across the surface reduces the thickness of this layer to
just 2-3 cells. After 50% epiboly, at which point the E-YSL have reached the embryo
equator, embryonic shield forms indicating the first distinctively dorsal structure.
Dorso-ventral axis, however, starts to be formed in the embryo by Wnt/R-catenin
signalling much earlier in development, through actions of both maternal and
zygotically expressed factors (Langdon and Mullins, 2011).

Yolk nuclei continue to travel towards the vegetal pole while constricting the
actomyosin ring, while a subset of migrating deep cells on the dorsal side of the
embryo involutes underneath the surface near the blastoderm margin, eventually

forming mesendoderm (Fig. 9- 75% epiboly panel) and later mesoderm and

endoderm (Warga and Kimmel, 1990). At bud stage, epiboly completes with the yolk
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completely enclosed, and gastrulation completes with establishment of 3 germ layers
— endoderm, mesoderm, and ectoderm (Fig.9 — bud stage panel).

Several studies have shown that the epiboly movements are dependent primarily on
YSL and does not depend on EVL movements or deep cell movements (Trinkaus,
1951) (Bruce and Heisenberg, 2020; Morita et al., 2017). The coordination between
all those cell populations is not yet fully understood.

While gastrulation will not be an important theme of this thesis, it is an important
process to contextualise the processes of zygotic genome activation and epiboly in
the morphology changes during zebrafish development and the temporal positioning
of those. Epiboly, however, is a process highly intertwined with maternal-to-zygotic
transition and ZGA.

mxtx2 has been implicated as a gene required for expression of multiple factors
present in the yolk syncytial layer. From sphere stage, mxtx2 is most expressed in the
YSL and at the blastoderm margin (Du et al., 2012). Maternally provided transcription
factor eomesodermin A, a regulator of mxtx2 expression, plays an important role in
the process of doming at the initiation of epiboly and formation of yolk microtubules,
but does not affect subsequent epiboly progression (Du et al., 2012). In contrast,
mxtx2-depleted cells initiate epiboly movements, but have a disordered structure of
YSL nuclei and fail to successfully complete epiboly progression, causing a yolk burst
phenotype through the premature contraction around the margin (Wilkins et al.,
2008). This is however counterintuitive with findings showing that the F-actin ring
formed around YSL is disrupted by mxtx2 depletion (Wilkins et al., 2008). The exact
mechanism of how this contraction takes place in mxtx2 morphants is unknown. The

role of mxtx2 in epiboly correlates well with its expression pattern in late blastula
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following the ZGA, however it is still unknown what its role is in the early embryo,

before the onset of epiboly.

1.5 Aims of This Thesis

The overall aim of this project is to contribute to the understanding of the
mechanisms of zygotic genome activation in a vertebrate embryo model. | set out to
focus on the role that early transcribed genes play in the zygotic genome activation
and corresponding transformation of fully differentiated, transcriptionally quiescent
cells into nearly totipotent stem cells. | specifically focused on the mechanisms of the
main wave of genome activation in the nuclei of the yolk syncytial layer, which is a
unique structure which represents, alongside the enveloping layer cells the first
symmetry breaking and cellular differentiation events in the developing embryo and
which is essential for coordination of axis determination, morphogenesis, and
nutrient management of the developing embryo cells. My hypothesis has been that
the distinct morphological characteristics of the YSL which appear during the start of
the main wave of genome activation indicate distinct zygotic genome activation
regulation mechanisms shaping these cells from that of the rest of the embryo.
| aimed to study the global process of transcription regulation in this extra-embryonic
structure and to better understand the regulatory pathways involved in zygotic
activation of genes active in the YSL, in order to address the mechanisms of the main
wave of genome activation. My second hypothesis has been that
the mxtx2 transcription factor, which is expressed during the minor wave of ZGA and

becomes specific to the YSL during the main wave of ZGA represents a candidate
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regulator of YSL genome activation transcription. In order to test these hypotheses, |
set the following specific aims:

1. Generation and characterisation of loss of function of mxtx2 gene to study its
roles in early development, particularly during ZGA and in establishment of
yolk syncytial layer:

1.1. Generation and validation of loss of function of mxtx2in early
development using gene editing and mRNA targeting approaches;

1.2. Generation and characterisation of the null mutant phenotypes by
studying embryonic and YSL morphogenesis, transcription, and
transcriptomes.

2. Analysis of the dynamics of genome activation in the yolk syncytial layer:

2.1. Temporal regulation of global genome activation in the yolk syncytial
layer;

2.2. Comparison of genome activation in the yolk syncytial layer to that in

the embryonic blastomeres.
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Chapter 2. Materials and Methods

2.1 General Molecular Biology Techniques

2.1.1 Nucleic Acids Extraction

2.1.1.1 Phenol-chloroform DNA/RNA purification

Embryos, collected at appropriate stages in appropriate numbers, were placed in 1.5
ml microfuge tubes. As much liquid as possible was removed from the embryos using
a Pasteur pipette, and 50 pl of Embryo lysis buffer (10 mM Tris pH 8, 10mM EDTA,
200 mM NaCl, 0.2% Triton-X-100) was added to the microfuge tubes, and embryo
structure was disturbed by pipetting up and down with the plastic tip. These were
then incubated at 55°C for 2-3 hours. After that, lysed embryos formed a cell extract,
that was further used for nucleic acid extraction. Nucleic acids were phase-separated
from embryo cellular extract in phenol-chloroform gradients. An equal volume (1:1)
of basic phenol-chloroform (pH 8) for DNA or acidic phenol-chloroform (pH 6.5) for
RNA was added to the cellular extract. After mixing, the solution was spun down at
12000 x g for 6 minutes or until the phase separation was achieved. The aqueous
(top) phase was transferred to a new 1.5 ml Eppendorf tube and an equal volume of
chloroform was added. After mixing and spinning down, 2 volumes of isopropanol
and 1/10 of the volume of ammonium acetate 7.5 M (Sigma-Aldrich, A2706, UK) were
added to the aqueous phase. DNA/RNA were then chilled over night at -20°C and
precipitated in a cold centrifuge for 30 minutes at maximum speed. The pellet was

washed once with 70% ethanol and resuspended in the desired amount of water.
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2.1.1.2 DNA extraction

DNA was extracted from pooled embryos selected at an appropriate stage. For
embryos co-injected with sgRNA targeting gol gene, selection of embryos was based
on the levels of eye pigmentation observed at 48hpf.

DNA extraction was done using Qiagen DNeasy Blood & Tissue kit. Embryos were
dechorionated and transferred to the ATL buffer solution containing proteinase K
and lysed at 56°C. Remaining steps were done according to kit manufacturer’s
manual. Unless stated otherwise in the kit manual, centrifugation steps were done
at 11000 x g. Concentration of extracted DNA was quantified immediately after the

elution step. Extracted genomic DNA was stored long-term at -20°C.

2.1.1.3 RNA extraction

Total mMRNA was extracted from pooled embryos collected at an appropriate stage.
For early stage microinjected embryos, selection was based on the fluorescence
coming from the dye included in the microinjection solution. For collections at sphere
and dome stages, 30 embryos were pooled from each sample.

RNA extraction was done using Qiagen RNeasy Micro Kit. Selected embryos are
transferred to the RLT buffer containing 2-mercaptoethanol (1% v/v) and disrupted
by multiple passages through a fine (27G) hypodermic needle. Remaining steps of
the procedure were done in accordance with the kit manufacturer’s manual. DNase
| digestion step, marked as optional in the manual, was included in every instance of
RNA extraction. Unless stated otherwise in the kit manual, centrifugation steps were
done at 11000 x g. Concentration of extracted total mRNA was quantified
immediately after the elution step. Extracted RNA was stored long-term at -80°C.
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2.1.2 Quantification of Nucleic Acids

Concentration of nucleic acids from all standard preparations was measured using a
NanoDrop 2000 spectrophotometer, according to manufacturer’s instructions. The
concentration is determined based on 260 nm absorbance, while the absorbance
curve and the 260/280 and 260/230 ratios were used to assess the sample purity

(presence of contaminants).

2.1.3 Polymerase Chain Reaction (PCR)

PCR reactions were performed for purposes of amplification of nucleic acids.
Reactions were performed using DNA Engine Tetrad 2 (Bio-Rad) thermocycler. For
most applications, a Tag DNA polymerase (MyTaq Red Mix, Bioline) was used. For
high fidelity purposes requiring low error rates, such as annealing sgDNA templates
or amplification of fragments for Sanger sequencing, Q5 Hotstart High Fidelity
Polymerase (New England BiolLabs) was used. This system contains a proprietary
polymerase with higher processivity and vastly reduced error rates compared to Taq
polymerases. Reactions were prepared according to manufacturers’ manuals.
Annealing temperatures and extension times were adjusted based on the primers
and template DNA properties.

A standard PCR reaction would be set up to consist of a hot start step (98°C), followed
by 25-40 cycles of denaturation (in 98°C), annealing (in temperature adjusted to
primers, most commonly 60°C) and extension (in 72°C). After cycles, template

extension would be allowed to finish through a prolonged step (2-10 min, 72°C) and
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the resulting DNA product would be applied to further techniques or stored short-

term at 4°C.

2.1.3.1 PCR primers design

Primer pairs for PCR reactions were designed using Primer3 software (Untergasser et
al., 2012). Typically, 18-22 nt primer pairs with comparable GC content not exceeding
the range of 30-70% (with the optimum of 50%), and with comparable melting
temperature (ranging from 55-65°C, with an optimum of 60°C, not exceeding 2°
difference within a pair) would be selected. Otherwise, standard settings for primer

search were used in the software.

2.1.3.2 PCR clean-up
Following every PCR reaction, DNA products were purified using a NucleoSpin Gel
and PCR Clean-Up Kit (Macherey-Nagel, UK). By column purification, it is ensured that

excess dNTPs and enzyme are removed from the DNA product.

2.1.4 Agarose Gel Electrophoresis

Gel electrophoresis was used to determine nucleic acid quality and size. 1.0-2.0 %
agarose gels were prepared by melting agarose powder in 1X TAE Buffer (40 mM Tris
acetate, 1 mM EDTA, pH 8.3). 0.5 pug/mL of Ethidium Bromide (Sigma-Aldrich, E1510)
was added to liquid agarose to allow visualisation of nucleic acids under UV light.
Electrophoretic migration of DNA was conducted in a tank containing 1X TAE Buffer

by applying 60-150V current until proper band separation was achieved.
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2.1.5 Sanger Sequencing

Genomic DNA was collected from 5 selected embryos from an injection round 48 hpf
using the Qiagen DNEasy Blood and Tissue Mini kit (Qiagen, 69504). Embryo selection
was based on rhodamine fluorescence intensity or go/ phenotype level. Regions of
interest were amplified by a PCR reaction using primers spanning the region of
interest.

Resulting DNA amplicons were sequenced using standard Sanger sequencing (service
provided by Source Bioscience, UK). Sequencing runs utilised a custom sequencing
primer designed within the amplicon sequence, positioned 200-600 bp distant from
Cas9 target site in order to remain unaffected by indel mutations, but to allow high
quality reads. Resulting sequencing files (.ab1) and read quality were analysed using

SnapGene software.

2.2 Fish Husbandry and Embryo Methods

2.2.1 Zebrafish Strains
All embryos used were wild-type embryos used are derived from AB and AB* strains

unless specifically stated.

2.2.2 Zebrafish Husbandry
Zebrafish were kept in the University BMSU facilities and maintained according to UK
Home Office regulations by members of staff, as set out by Animals (Scientific

Procedures) Act 1986. | was licenced for use of zebrafish in biological experiments
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under personal licence I23FED1ED, under PIL schedules A and B., while experiments
were carried out under an appropriate project licence. Between 20 and 30 adult
individuals were kept in tanks in a recirculating housing system (ZEBtec, Tecniplast).
Zebrafish were maintained with a regular day/night cycle with 14 hours of light and
10 hours of darkness and fed 3 times a day. Water temperature was maintained at

26°C.

2.2.3 Zebrafish Breeding

Zebrafish breeding was carried out personally in the BMSU facilities. In a breeding
round, up to 20 adult fish were placed pair-wise in standard breeding tanks
overnight, separated by a barrier. In the morning, barriers were pulled out and pairs
were allowed to mate. Adult fish were separated from fertilised eggs by a bottom
mesh in the breeding tank, which allows rapid embryo collection and prevents adult
fish from eating their eggs.

Eggs were naturally laid and fertilised, and collected from the breeding tanks shortly
after laying by filtering the tank water through a net. Collected eggs were transferred
to a Petri dish containing E3 buffer (5 mM NaCl, 0.17 mM KCl, 0.33 mM CacCl,, 0.33

mM MgS04, 0.1% Methylene blue).

2.2.4 Embryo Maintenance

Embryos were kept in Petri dishes containing E3 buffer in an incubator set to
maintain constant temperature of 28°C. Zebrafish embryos were grown up to a
maximum of 5 days post fertilisation. Medium was changed every day and dead

embryos were removed to avoid bacterial infections.
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Zebrafish embryo growth stages were assessed according to Kimmel et al., 1995.

2.2.5 Dechorionation

Chorions of embryos before 48hpf were removed by adding 1ml of stock solution
(10mg/ml) of protease from Streptomyces griseus enzyme (pronase) to 10 ml of E3
medium. This solution was then added to a Petri dish containing embryos and gently
stirred to allow the enzymatic proteolysis to occur. In order to prevent embryos from
damage, embryos were observed under a microscope throughout the reaction and
mixed with an excess amount of E3 media as soon as the chorions appeared to break
down and washed three times to remove the enzyme and broken chorions.
Alternatively, embryos were dechorionated manually using a pair of fine, sharp

forceps to physically remove the chorion.

2.3 Genome Editing Methods

2.3.1 CRISPR-Cas9

2.3.1.1 Target site selection and reagent design

Appropriate target sites for CRISPR/Cas9 genome editing were determined using
CHOPCHOP software, searching for sites consisting of 18-20 nucleotides (excluding
PAM motif) in the regions of interest using default settings for CRISPR-Cas9 knock-
out, using zebrafish GRCz11 genome assembly as reference. Appropriate candidates
were selected from generated outputs based on the scoring algorithm of the
application and assessment of potential off-targets (with the optimum of 0), as well

as the position of target site with regards to the gene.

79



For gol (slc24a5) mosaic knockout and sgRNA targeting we have used the previously
described gol crispr cutter B (ccB) target site (Burger et al., 2016).
For mxtx2, target sites were selected from the 5’- and 3’-end regions on each side of

the gene, containing sequences up- and downstream of the gene respectively.

2.3.1.1.1 In-house single guide RNAs production

Single guide RNAs (sgRNAs) targeting sequences of interest were generated in-house
by in vitro transcription of designed DNA sequences. DNA oligonucleotides
containing a fusion of T7 polymerase promoter (5'-
GAAATTAATACGACTCACTATAGGG-3’), target site (excluding PAM) and a S. pyogenes
Cas9-backbone complementary region (5-GTTTAAGAGCTATGCTGGAA-3’) were
ordered from Sigma.

The oligos were then annealed to a reverse complement of a S. pyogenes Cas9-
specific backbone and amplified in a PCR reaction using proofreading Q5 DNA
polymerase to produce a single DNA product — a DNA template of sgRNA.

Following the annealing, the sgRNA template DNA was purified using NucleoSpin PCR
purification kit (Macherey-Nagel) and its concentration quantified.

400 ng of purified sgRNA template DNA was further in vitro transcribed following the
kit protocol of HiScribe T7 High Yield RNA Synthesis Kit (NEB) to produce sgRNA. 10
pl of reaction product was then incubated with 0.5 pl (1U) of Turbo DNase
(Invitrogen, AM2238) for 30 minutes in 37°C to ensure degradation of DNA template.
sgRNA product was later purified using Monarch RNA Cleanup Kit (NEB) and eluted

in 20 uL RNase-free H20.
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2.3.1.1.2 Synthetic duplex guide RNAs

Alternatively to in-house produced sgRNAs, custom synthetic CRISPR RNAs were
ordered from Sigma-Aldrich. These RNA oligos (crRNAs) are synthesised by the
producer with a proprietary modified backbone that stabilises RNA molecules and
are specific to a Cas9 nuclease strain used, in case of this project this was S. pyogenes
Cas9 protein.

HPLC-purified and lyophilised ordered crRNAs were dissolved in 10mM Tris-HClI
(pH=7.0, prepared with nuclease-free water) to the stock crRNA concentration of 50
UM, and then stored in -20°C.

Custom guide RNAs were then mixed with 50uM S. pyogenes trans-activating RNA
(tracrRNA) in 1:1 ratio to form functional duplex guide RNA (dgRNA) capable of
directing Cas9 to a target site.

For preparation of injections containing more than one crRNA, these were mixed

with tracrRNA at a constant final concentration of 25 uM in the mix (see Table 2.1)

Table.2.1 Concentrations of dgRNA components in stock solutions prepared before microinjections.

Component 1 target site 2 target sites
tracrRNA 25 uM 25 uM
crRNA 1 25 uM 12.5 uM
crRNA2 - 12.5 uM

2.3.1.2 Microinjections
Fertilised zebrafish embryos were microinjected using a pressure-controlled
microinjector. Microinjection needles were pulled on a Flaming Brown needle puller.
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Zebrafish eggs were collected during 1-cell stage and immediately transferred to
Petri dishes. For every injection round, 2-3 pl of injection solution was transferred
into a pulled needle, and the needle loaded to a microinjector. The desired volume
of microinjection was adjusted by controlling the air pressure and size of the needle,
with volume calculations based on the droplet size measured using a microscope
graticule. In all experiments presented below, the approximate volume of solution
injected per embryo was 1 nl.

Injections were made directly into the embryo cell or into the yolk sac in the animal
pole. Approximately 80-100 chorionated embryos were injected with a single
injection solution in any experiment. Successful injections were detected using
phenol red dye in the injection mix and later on by using rhodamine fluorescent dye
or gol sgRNA phenotype.

For sgRNA microinjections, injection solutions were prepared directly before
zebrafish breeding and microinjection rounds. Solutions contained EnGen
S.pyogenes Cas9-NLS protein (NEB) mixed with 1 or 2 in vitro transcribed sgRNAs,
potassium chloride, phenol red and rhodamine dyes.

Recipes of injection solutions were subject to optimisation in early stages of the
project, with the optimised solution used in nearly all experiments presented in table

2.2.

82



Table 2.2 Composition of microinjection mixes used in CRISPR/Cas9 gene targeting by sgRNAs.

Component Concentration
EnGen S. pyogenes Cas9 1120 ng/ul
protein with NLS

sgRNA 1 ~97.5 ng/ul*
sgRNA 2 ~97.5 ng/ul*
KCl 0.26 mol/l
Phenol Red 0.5% (v/v)
Rhodamine 0.5% (v/v)
Nuclease-free H,0 X pl**

*dependent on the molecular weight of the sgRNA, calculations made using CrispantCal software.

** variable, dependent on calulations made using CrispantCal software.

For dgRNA microinjections, injection solutions differed slightly from sgRNAs, and
were prepared directly before zebrafish breeding and microinjection rounds.

Solutions contained EnGen S. pyogenes Cas9-NLS protein (NEB) mixed with an
existing crRNA:tracrRNA mix solution, NEBuffer 3.1, phenol red dye and nuclease-

free water (see table 2.3).

Table 2.3 Composition of microinjection mixes used in CRISPR/Cas9 gene targeting by dgRNAs.

Component Stock concentration Volume used* Final concentration

EnGen S. pyogenes Cas9 | 25 uM 1ul 2.5uM
protein with NLS

crRNA(s):tracrRNA mix tracrRNA: 25uM 1l tracrRNA: 2.5 uM
crRNA: n ** crRNA: n/10 **

NEBuffer 3.1. 10X 1l 1X

Phenol Red 5% (v/v) 1l 0.5%

Nuclease-free H,0 - 6 ul -

* in a typical microinjection experiment
** where x denotes concentrations of individual crRNAs in the mix, equal to 25uL/c, where c is the

number of crRNAs mixed with tracrRNA.
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2.4 Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR)

2.4.1. Reverse Transcription

For each experiment, a standard amount of RNA was established based on the lowest
available RNA concentration in a group. Typically, no less than 50 ng and no more
than 1 pg of RNA per sample was used. Then, volumes of extracted RNA
corresponding to the set RNA amounts were transferred into 0.2 ml PCR tubes, and
reverse transcribed using SuperScript IV reverse transcriptase (Thermo Fisher)

reaction kit (reaction in Table 2.4 below).

Table 2.4. Reverse transcription reaction composition.

SuperScript IV 5X reaction buffer 4l

(Thermo Fisher)

SuperScript IV reverse transcriptase 1ul

enzyme (Thermo Fisher)

DTT (0.1 M) 1ul

RNasin (RNase inhibitor) (Promega) 1ul

Random Hexamers (Promega) 1ul

dNTPs (10 mM) 1ul

RNA template X ul (depending on sample RNA conc.)
Nuclease-free H,0 11-X ul

TOTAL 20 pl

2.4.2 Quantitative Real-Time Polymerase Chain Reaction
gRT-PCR reactions were set up to the total of 10 pl in 96-well plates with equalised

template concentration. Reactions were carried out with PowerUP SYBR Green
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Master Mix (Applied Biosystems) and oligonucleotide primers designed to target
cDNA of genes of interest. Eukaryotic translation elongation factor 1-alpha (eeflala)
gene was used as a housekeeping control based on (McCurley and Callard, 2008).
gRT-PCR reactions were run in technical triplicate using a recommended cycling
protocol using QuantStudio 5 Real-Time PCR system (Thermo Fisher). Reaction data,
including melting curve information, was obtained through the Thermo Fisher Cloud
applications.

Fold difference in expression of genes of interest was calculated using the 2-24¢(
method of data normalisation (Livak and Schmittgen, 2001), where C(q) indicates a
number of PCR cycles required to reach a threshold in fluorescence intensity of the

sample, normalised to the intensity of passive reference dye (ROX).

2.5 Whole Mount in situ Hybridisation

Whole-mount in situ hybridisation (WISH) is a method commonly used for
visualisation of mRNA transcripts of particular genes in whole embryos. It can be used
as a method to analyse gene expression patterns or as a qualitative detection method
for mRNAs of interest (Thisse and Thisse, 2008). The technique utilises an antisense
RNA probe, transcribed from cDNA of gene of interest, labelled with digoxygenin-
modified nucleotides. The probe is then added to a permeabilised embryo and
hybridised to the transcript of interest. The probe is then stained with an alkaline
phosphatase-conjugated antibody against digoxigenin and visualised using a
chromogenic substrate. The protocol used for WISH was based on Thisse and Thisse,

2008.
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2.5.1 Probe Design and Production

Antisense probes were designed to target mRNAs of choice. First, PCR primer pairs
specific for the target gene cDNA were selected, spanning between 400-1000bp.
Sequences of primers were combined with sequences for a 5 SP6 and 3’ T7
promoters and those oligonucleotides were ordered. Primers targeting the mRNA of
interest containing the phage promoter sequences were then used to PCR amplify
their target sequence from total zebrafish cDNA, producing a DNA template of WISH
probe. The templates were then in vitro transcribed using a Digoxigenin (DIG) RNA
Labelling Kit (SP6/T7) (Roche) using the appropriate promoter according to the
manufacturers protocol, with T7 for antisense (mRNA targeting) probes and SP6 for

sense (non-targeting) probes.

2.5.2 Fixation of Embryos

Embryos were collected at the appropriate stages and transferred to 4% (v/v)
solution of paraformaldehyde (Fisher, 28908) diluted in PBS and pH adjusted to 7.4.
After 30-minute incubation in room temperature or, alternatively, overnight
incubation at 4°C, the embryos are washed 3 times with PBST and manually
dechorionated. Following dechorionation embryos are dehydrated by washing with
gradually increasing concentrations of methanol in PBST (25%, 50%, 75%), and finally
washed and then stored overnight in pure methanol (100%) at 4°C.

2.5.3 Pre-treatment of Embryos

Embryos were rehydrated by washes in successively diluted methanol gradient (75%,
50%, 25% in PBST) and washed 3 times with PBST to remove all methanol traces.

Washes are done at room temperature with gentle agitation on a nutator (<60RPM).
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Pre-hybridisation treatment of embryos followed the protocol (Thisse and Thisse,

2008).

2.5.4 Hybridisation of Probe

After pre-hybridisation step, the buffer was removed from the embryos and swiftly
replaced by approx. 200 ul of pre-warmed hybridisation buffer containing 30-50ng
of antisense DIG-labelled RNA probe. The probe was hybridised to its targets in the

embryos during an overnight incubation (at least 16 hours) at 65°C.

2.5.5 Removal of Excess Probe

Following removal of the probe, the embryos were subject to a series of washes with
a variety of buffers that gently and gradually replaced the pre-hybridisation buffer as
per the protocol (Thisse and Thisse, 2008). Finally, buffers are replaced by PBST, in
which embryos are washed 3 times, 10 minutes each.

2.5.6 Antibody Labelling

Embryos were then incubated in >1ml antibody blocking solution (DIG Wash and
Block Buffer Set, Roche) — 1 ml 10X Blocking Solution, 1 ml 10X Maleic Acid Buffer, 8
ml ddH,0 — with gentle agitation for 1 hour at room temperature to prevent non-
specific antibody binding.

Anti-DIG-AP antibody was diluted 1:10000 in the blocking solution and added to
embryos after blocking step. Embryos were incubated with the antibody overnight

at 4°C.
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After antibody labelling, the solution was removed and embryos are washed 8 times
with DIG Washing Solution (Roche), each wash taking 15-30 minutes at room

temperature.

2.5.7 Colour Development

Embryos were washed 3 times with Detection Buffer (Roche), for 10 minutes each
time at room temperature. Embryos were then moved to a multiwell plate, and
incubated in 1 ml of solution containing 3.5 pl/ml BCIP and 4.5 pl/ml NBT in the
Detection buffer. The reagents stain the anti-DIG-AP antibody, with a colorimetric
reaction occurring. Colour development was monitored closely under a light
microscope or with naked eye. Embryos were kept in dark conditions in between
observations to allow accurate staining with light-sensitive reagents.

Once the desired colour intensity is reached, samples were washed multiple times in

PBST at room temperature, with continuous protection from light.

2.5.8 Fixation of Stained Embryos

After PBST washes, embryos were fixed by incubation in 4% paraformaldehyde
solution (in PBS) for 2 hours at room temperature. Fixed samples were washed with
PBST and then dehydrated by series of incubations with increasing methanol gradient
(as described before). Following that, embryos were washed 3x with PBST at room

temperature and kept in PBST at 4C until use.

2.5.9 Mounting and Imaging
For imaging on slides, embryos were delicately placed on glass microscopy slides

(SuperFrost®, Thermo Fisher). Adhesive tape was used on edges of a slide to create
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elevation, so that the embryo was not damaged or crushed by the coverslip. Embryos
were then covered with a coverslip that was fixed in place using an adhesive.

Alternatively, embryos were moved to a small Petri dish, surface of which was
covered with 1% agarose (made in PBS), and placed on the agarose surface in a PBS

solution, and imaged.

2.6 Visualisation and Analysis of Transcription in Embryos

2.6.1 Immunostaining

Embryos were collected at appropriate stages and fixed for 30 mins at room
temperature with a 4% solution of paraformaldehyde in PBS.

Embryos were then rinsed in PBS, dechorionated (if not dechorionated before
fixation), and washed 4 times with 0.1% PBS-Triton-X-100 solution (0.1% PBS-Triton).
Embryos were then incubated for 1h at room temperature with 5% solution of
Normal Goat Serum (abcam, ab7481) in 0.1% PBS-Triton.

In the meantime, a 1:500 solution of primary antibody: mouse Elongating RNA
polymerase Il Anti-RNA polymerase Il CTD repeat YSPTSPS (phospho S2) antibody
[H5] (abcam, ab24758) was prepared in the 5% normal goat serum solution.

After incubation, blocking solution was removed and replaced with the primary
antibody solution, in which embryos were incubated overnight at 4C. Following that,
primary antibody solution was removed and embryos were washed 4 times, 10

minutes each, with the 0.1% PBS-Triton solution.
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In the meantime, 1:1000 solution of the secondary antibody: Goat anti-Mouse IgG
(H+L), Superclonal Recombinant Secondary Antibody, Alexa Fluor 488 (Invitrogen,
A28175) was prepared in the 5% normal goat serum solution.

Embryos were then incubated in the secondary antibody solution for 2 hours at room
temperature, protected from light.

Secondary antibody was then removed and replaced by 0.1% PBS-Triton solution.
Embryos were washed 4 times 10 minutes each with 0.1% PBS-Triton. The solution
was then removed and replaced with PBS. Embryos were kept protected from light
and stored in the dark at 4C.

For staining of nuclei, NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342)
(Thermo Fisher, R37605) was used according to the attached protocol, by addition of
2 drops of the reagent per 1mL of PBS, and incubating the samples at room
temperature for 30 mins, before removing the solution and rinsing the samples 2x in
PBS. Following that, samples were kept at 4C in the dark for a maximum of 1 week

until use.

2.6.2 Light Sheet Microscopy

A Zeiss Lightsheet Z.1 microscope was used for all light sheet microscopy
applications. Embryos were submerged in molten 1% agarose solution and taken up
into a glass capillary, in which the agarose solution was allowed to solidify. Glass
capillaries can be mounted into the chamber of the microscope, with the embryos
placed into the view of the objective embedded in a cylinder of agarose and held

vertically.
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Fig. 2.1. A schematic overview of the imaging strategy for visualisation of transcription in embryos.
Embryos were immunostained for elongating RNA pol Il (pSer2). After mounting in the Z.1 LSFM,
embryos were positioned with animal pole facing forward, towards the camera. A screenshot of 3D
view of an oblong stage embryo with labelled elongating RNA Polymerase Il (green) and nuclei (blue)
is shown with the approximate positions of each of the imaging sets taken in the systematic imaging,
with (A) showing the approximate field of view for Z-stack imaging of whole embryo at 10x
magnification (20x objective with 0.5x optical zoom), and (B-E) showing approximate fields of view for
Z-stack imaging — “north, west, south and east” views — at high magnification of 30x (20x objective,
1.5x optical zoom).

Embryos immunostained with antibody against RNA pol Il were imaged with
positioning and selected fields of view standardised and set according to the imaging
strategy outlined in Fig. 2.1.

Standard settings were used for imaging, with variable Z-stacks depending on the
depth of embryo required to be imaged, with Z-slices set for 1.00 um (overview-

Fig.2.1 A) or 0.60um (high magnification views, Fig.2.1 BCDE). For 405nm laser

illumination (for Hoechst) — 3.0% laser power, 30ms exposure settings were used.
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For 488nm laser illumination (for AF488 and RNA Pol Il) — 2.0% laser power, 30ms
exposure settings were used. 20x objective was used in all experiments, with 1.5x or

0.5x optical zoom depending on the required field of view.

2.6.3 Segmentation of 3D Images
All segmentation of 3D images and imaging analysis was conducted by Haseeb

Qureshi, with me taking part in selection of embryo images for analysis.

2.6.3.1 Image selection and generation of blastomere and YSL image subsets

For image segmentation and subsequent quantification analysis, Z-stack images
focused to individual quadrants of the embryo and YSL ring were selected (“North,
South, West, East” views of the embryo imaged at 30x magnification). These Z-stacks
are further referred to as “views”. Lower magnification images of whole embryo
were not further analysed.

Segmentation of images would allow to isolate and normalise the information
coming from the light signal detected in each embryo and to eliminate a significant
amount of noise from the images. In this case, each segment would be defined as a
boundaried region exhibiting fluorescence in a defined channel. In simplified terms,

segmentation allows isolation of objects from the raw imaging data.

First, obtained raw images were sorted through individually and manually to discern
images of the highest quality. This involved examining each view Z-stack in the Zeiss
ZEN 2 Blue Edition (ZEN Digital Imaging for Light Microscopy) software. Each view

was scrolled through with an automatic setting of colour look up table histogram
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(“Auto”), in order to adjust for varying levels of brightness between individual Z slices
in the stack. 3 embryos with highest quality were selected per developmental stage,
with each view (4 per embryo) containing 2 subsets of nuclei we were interested in
comparing in further analysis - blastoderm and YSL. At this point, there was a
combined total of 36 imaging files (3 developmental stages x 3 embryos x 4 views).
First, regions not showing RNA Pol Il staining were cropped out to reduce the amount
of memory each image stack requires for processing, and only the RNA Pol Il and
DAPI channels were exported to allow higher computational throughput, 5-EU
incorporation (in embryos labelled with both RNA Pol Il antibody and 5-EU) was not
included in analysis at this point.

The complete Z-stacks of each embryo were split into 2 subset stacks approximately
at the interface between YSL and blastoderm, as determined by observation of
embryo anatomy in 3D view (although in some embryos blastomeres appeared
alongside YSL nuclei and were included in the YSL subset), producing 2 output image
files, which consisted of 2 fluorophore channels — one for blastoderm, one for YSL.
YSL was determined by the spread distribution of fluorophore in the syncytium rather
than by taking on the shape of defined cell membranes, as is the case in blastoderm.
The syncytium was most clear in the 488nm illumination channel (Alexa Fluor 488 —
labelling the RNA Polymerase Il antibody) and was characterised with an absence of
spherical membrane geometries highlighted by fluorophore.

This process was repeated for each view for each embryo. This totalled to 2 stacks
per each view, 4 views per embryo, 3 embryos per stage and 3 stages total, producing
72 stacks to process in 3D. Not every stack produced outputs, as some YSL views did

not show any RNA Pol |l staining as they were undergoing metaphase. To produce
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isolated 3D RNA Pol Il segments for analysis, each subset stack was processed using
Icy Bioimage software (v2.4.2.0) (de Chaumont et al., 2012).

A workflow was designed for this task where nuclear signal (405nm-Hoechst) would
be segmented first to be able to link regions of segmented RNA Pol Il to specific

nuclei, and then RNA Pol Il would be segmented within each ‘nuclear’ segment.

2.6.3.2 Nuclear segmentation

The 16bit grayscale Hoechst channel of the stack was run through K-means
thresholding using 13 bins, producing a separate K-means thresholded image stack.
A blanket watershed was applied to this processed stack, eliminating all bins below
the 6t or 7t bin to eliminate non-nuclear noise, depending on the noisiness of the
image, as determined by the isolation of individual nuclei. Too low a threshold would
result in conjoined nuclei, as noted by bi-lobular structures which could be
determined numerically by filtering for convexity — a well segmented nucleus should
have a high convexity.

This produced a binary image stack where all pixels above the thresholded bin were
white, and all below were black. The binary image was exported back onto the
original 16bit stack as labelled regions of interest, for each nucleus. The precision of
the nuclear shape was not of paramount importance, as the goal was just to produce
local zones for each nucleus, within which RNA Pol Il segmentation could be
processed. Using this methodology, nuclear regions of interest (Nuclear ROI) were

segmented from all 72 stacks.
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2.6.3.3 RNA Pol Il segmentation

Segmenting the RNA Pol Il channel to isolate regions of visualised elongating RNA
polymerase Il was a more complex task, as it requires isolation of a significantly larger
number of labelled regions due to the smaller, fragmented nature of RNA polymerase
Il staining, with multiple foci present in nuclei, in contrast to the fewer whole nuclei
in the field of view and their defined appearance in the stack. Due to the high
requirement for memory in complex segmentation processes, the previously
segmented Nuclear ROl were selected, and an inversion operation blacked out all
regions outside of the nuclei, excluding any non-nuclear regions in the image stacks
from RNA Pol Il segmentation.

Analogically to the nuclear segmentation, a 13 bin K-Means thresholder was run and
binary thresholding on bin 8-10 (depending on noise) was run on the K-means
output. This labelled output was transferred back to the original 16bit image to form
3D regions of interest (ROIs) covering nuclear regions with RNA Pol Il signal. RNA Pol
I ROIs below 15-25 pixels in volume were filtered as noise, and any nucleus that was
cut off at the edges of the field of view was also filtered out.

2.6.4 Imaging Analysis and Statistical Analysis

The remaining nuclear and Pol Il 3D ROIs were exported with their metadata
containing information regarding geometry, location, and intensities. This produced
a spreadsheet which listed every ROl and its corresponding metadata. An inclusion
analysis was performed via a downloadable plugin for Icy Bioimage, which linked RNA
Pol Il ROIs with the nuclear ROIs within which they were contained. This has output

a spreadsheet, which listed each nuclear ROl and each RNA Pol Il ROI within it.
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The ROl metadata and output for inclusion analysis were exported to Microsoft Excel
(Microsoft Corporation), where the ROl metadata and Inclusion analysis data were
linked using an INDEX:MATCH formula between the 2 datasets.

This linked data for every YSL and blastoderm region for each developmental stage
and/or embryo was exported into Graphpad Prism 9 (GraphPad Software), where
intensities, volume and surface areas of the RNA Pol Il ROls were output as numerical
values and plotted on graphs.

Distributions of intensity, volume and surface area of elongating RNA polymerase |l
(as extracted from the ROl Metadata output) were compared between identified YSL
and blastomere cell populations in all embryos from each stage, and separately
within data from individual embryos. These distributions were then statistically
compared using a nonparemetric Kolmogorov-Smirnov test within GraphPad Prism

9, with descriptive statistics also produced.

2.7 Live 3-dimensional Imaging of Cell Cycle and Transcription
Dynamics

2.7.1 Microinjections

For in vivo imaging aiming to visualise cell cycle and transcription dynamics, embryos
were injected at 1-cell stage with a solution containing 5uM of fluorescently labelled
miR-430-FITC morpholino oligonucleotide (Gene Tools LLC) and 400ng/pul solution of
a fluorescently labelled mRuby3:H2B protein. Embryos were incubated in 28.5C until

imaging.
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2.7.2 Light Sheet Microscopy (Live)

Zeiss Lightsheet Z.1 microscope was used for all light sheet microscopy applications.
Chorioned embryos were mounted in agarose cyllinders as described in 2.8.3.
Imaging settings were varied, adjusted for maximising possible framerate and

visibility of signal. Embryos were imaged in 3-dimensional stacks across time.

2.7.3 Tracking of Nuclei, Cell Cycle and Transcription Lengths

2.7.3.1 Manual tracking

Maximum Intensity Projections (MIPs) were produced from whole embryo live
imaging datasets, converting the 4-dimensional images (3 dimensions + time) to 3-
dimensional images (2D+time). The maximum intensity projections were loaded into
the FlJI Imagel software (Schindelin et al., 2012) to visualise both imaging channels

and create a merge channel.

2.7.3.2 Automated tracking — conducted by Haseeb Qureshi

MIPs produced from whole embryo live imaged datasets were used for automated
tracking analysis (Hadzhiev et al., 2019). MIPs were converted from 16bit to 8bit to
reduce memory consumption and improve processing speed. Spot detection plugin
(lcy Bioimage software) was run on each of the miR-430-FITC morpholino and
mRuby:H2B channel respectively, to produce 2D ROIs which could be tracked from
frame to frame. Tracks were produced by following the movement of an individual
ROl over time, and labelling all of the ROIs for a given nucleus track and its progenies
track using a custom script written in javascript. This script would group ROls over

frames into a group of ROIs from different time points to represent the movement
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of a given nucleus over time. The same was done for each incidence of miR-430 per
nucleus, and these were grouped with their corresponding nuclear tracks too.

These track ROls were exported into Microsoft Excel, and the timings of each track
for miR-430 and nuclear signal could be quantified and displayed in charts produced
in Microsoft Excel. Timing of each tracked nucleus between mitosis events was used
as an approximation of cell cycle length. The period of transcriptional activity of cells

was approximated from the period of miR-430 signal appearing within the embryo.

2.8 Light Microscopy

A Nikon SMZ 745T light microscope was used for embryo observation and staging, as
well as to determine gol phenotypes and for imaging whole-mount in situ
hybridisation.

A Zeiss AxioZoom.V16 light microscope was used for observation of fluorescence

phenotypes, high magnification observation and imaging of embryos.
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Chapter 3: Development of a Genetics Toolset

for Disruption of mxtx2 Expression

3.1 Introduction

Recent years have provided a variety of new tools in genome engineering, with the
most major development being the Nobel prize-winning CRISPR-Cas9 genome editing
method. Since its discovery and widespread application, a plethora of new tools and
methods have been described and new applications such as engineered Cas proteins
or use of alternative classes of the Cas system have been developed (Adli, 2018; Liu
etal., 2022b). Using gene knockouts can be a very informative approach in discerning
gene function, and site-specific approaches such as CRISPR-Cas9 can vastly improve
confidence in the achieved results.

In this chapter, | discuss the adaptation of those new methods to generate
independent tools to disrupt mxtx2 expression. This was attempted using 2 main
approaches: “classic” CRISPR-Cas9 knockout by targeted gene mutation and using a
Cas13d nuclease to knock down expression of mxtx2 mRNA. The primary aim was for
the methods of transient gene disruption to serve as a toolset to characterise the
effects of mxtx2 depletion in the early embryo, and to inform the possibility of
creating a stable mxtx2 mutant line that could be used in further studies of its

phenotype, mechanisms of action, and effects on the zygotic genome activation.
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mxtx2 has been previously a subject of knockdown studies using morpholino
oligonucleotides, showing a severe epiboly phenotype termed yolk burst (Fig. 3.1)
and caused embryonic lethality (Wilkins et al., 2008). This suggested that mxtx2
might play a crucial role in some of the processes in the early zebrafish embryo.
However, it has been shown that morphant phenotypes are often caused by off-
target effects stemming from the technique (Kok et al., 2015) or can often be more
severe than knockout mutants due to the lack of genetic compensation (Rossi et al.,
2015). Therefore, it was an opportunity to revisit mxtx2 and its phenotype, and

further explore the mechanisms in which this early zygotic gene is involved.

std MO/wild type

mitx2 MO

|

Fig. 3.1 Phenotype of mxtx2 morpholino knockdown in zebrafish embryo.

Lateral views of normally developing wild-type embryos at 30% epiboly (A), shield (B) and bud stages
(C), with dorsal and ventral sides of the embryo highlighted with V and D, respectively. Embryos
injected with the mxtx2 MO proceed into epiboly (D) but show particular abnormalities such as
furrowing of the blastoderm cap and margin (E - dashed and dotted lines) and further progression into
epiboly causes the marginal blastomeres and YSL to prematurely constrict around the yolk, leading to
disruption of the yolk cell membrane and its subsequent burst (F), causing embryo to lyse. Images
adapted from (Wilkins et al., 2008).
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3.1.1 CRISPR-Cas9 approach

Cas9 nuclease was utilised for targeted genome editing to generate genomic
deletions leading to knockout mutations of targeted genes (Hwang et al., 2013; Li et
al., 2016). Zebrafish embryos need to be injected with the injection mixture
containing Cas9 and guide RNAs (gRNAs) at the 1-cell stage. Injected fish (FO
generation) are grown to adulthood and screened for germline mutations — i.e. if
cells in the germline were mutated and therefore if the fish are able to transmit the
mutation to the next generation. This is most often done by genotyping the offspring
of an FO fish crossed with a wild type. If the mutation is transmitted, the FO fish is
kept as a line founder, and its genotyped offspring from the cross are grown to
adulthood, heterozygous for the mutation of interest. The in-cross of second
generation of fish (F1) produces offspring from which 25% would be homozygous for
mutation of interest, if Mendelian inheritance rates are maintained (Li et al., 2016).
The process of generating a stable knockout mutation line in zebrafish therefore
requires growing of 2 generations of fish. Initial steps in generating the mutation in
FO embryos by CRISPR-Cas9 are therefore crucial, because any inaccuracies at that
stage will be carried over across 2 generations of fish, and can affect many months
of work.

In order to reach that point, first a successful mutation needs to be introduced in FO

embryos.

3.1.1.1 Constraints of CRISPR-Cas9 site-specific mutagenesis

Injection of Cas9 and gRNAs into the 1-cell embryo does not guarantee a complete
knockout. Firstly, the double strand break at the target site will not always cause an
identical mutation — DNA repair mechanisms like NHEJ lead to a degree of
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randomness, and alternative pathways of repair such as homologous recombination
or microhomology mediated end joining can also be used to repair the target site
(Ata et al., 2018; Li et al., 2016). Therefore, the outcome of the introduced double
strand break has a degree of randomness, and could be a random insertion or
deletion of a number of base pairs (indel). The break could also be repaired correctly
by chance or sequence homology.

Secondly, there is an issue of mosaicism. The double strand break formation and its
repair needs to occur during the first cell cycle and be propagated to daughter cells
for a chance of a complete gene knockout in the FO generation. If this does not
happen, the induced mutation would be mosaic, with the number of affected cells
depending on when the double strand break was generated. Additionally, as the cells
contain 2 alleles of its gene, biallelic mutagenesis might be necessary to efficiently
knock out gene expression (Burger et al., 2016).

Thirdly, guide RNAs are not perfect. Their binding to targets is subject to multiple
variables including binding energy and RNA secondary structure, as well as access to
chromatin. All gRNAs also must target sequences preceding an obligatory PAM motif,
that ensures Cas9 nuclease binding. This can have a significant effect on efficiency of
Cas9-induced mutagenesis. Multiple bioinformatics tools, such as CHOP-CHOP or
CRISPRScan have been developed to facilitate the search for optimal target sites for
sequences, assessing the potential efficiency of mutagenesis and suggesting guide
RNA sequences, as well as scanning the genome for potential off-target sites (Labun
etal., 2021; Labun et al., 2019; Moreno-Mateos et al., 2015).

Finally, the delivery of guide RNAs and Cas9 to the embryo is an additional important

step, which is most subject to human error. Delivery of optimal concentrations of
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Cas9 and guide RNAs in equimolar ratio, optimally buffered can affect mutagenesis
efficiency (Burger et al., 2016; Hoshijima et al., 2019). Controls are therefore crucial
to ensure that no errors have been made and that RNA-protein complex of Cas9-

gRNA is delivered to the cell and active.

3.1.2 Cas13d — a CRISPR RNA-directed RNA nuclease

Among the new developments in the CRISPR approaches, most focus on the Cas9
nuclease — with modifications, catalytic changes and improvements in efficiency.
However, Cas9 is a member of a larger family of RNA-directed nucleases, many of
which have been explored as potential tools for targeted gene disruption. Most of
CRISPR family nucleases target DNA, but class 2 type VI of those nucleases — Cas13
proteins — are able to bind specific RNAs instead (O'Connell, 2019). Targeted RNAs
are cut by the Casl13 endonuclease and subsequently targeted for degradation,
causing a reduction in target gene translation. Similarly to Cas9, Cas13 also requires
a guide RNA to targets a sequence of choice, however the structure of Cas13 gRNAs
is distinct to that of Cas9. Similarly to Cas9 nucleases, there are many variants of
Cas13 nucleases, often coming from different bacterial species, with the Cas13
protein family containing Cas13a, Casl13b, Casl3c and Casl13d proteins. Casl3
proteins require pre-assembly with a CRISPR-RNA (crRNA) for function — these act
very similarly to gRNAs — but there is no PAM motif requirement and nucleases can
bind to mRNAs homologous to the crRNA sequence (Huynh et al., 2020).

Cas13 RNA endonuclease therefore provided a potential tool for programmable RNA
interference. They have been used to good effect, binding and causing degradation
of target RNAs in yeast and mammalian cell lines (Abudayyeh et al., 2017; Cox et al.,
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2017). RNA knockdowns through one of the types of active Cas13 nucleases, Cas13d,
isolated from the bacterium Ruminococcus flavefaciens, were shown to be more
effective and specific than RNAi in mammalian cells (Konermann et al., 2018). With
RNAIi not being commonly used in zebrafish, and certain controversies surrounding
the use of morpholino oligonucleotides for generation of gene knockdowns, Cas13
appeared to be an exciting alternative. Indeed, it has soon been adapted for use in
vivo with zebrafish (Kushawah et al., 2020) (Fig.3.2). In a proof of principle study by
Kushawah et al. the group shows very efficient degradation of several target RNAs
by Cas13d. Other variants of type VI Casl13 nucleases, Casl13a (isolated from
Leptotrichia wadei) and Cas13b (isolated from Prevotella sp. P5-P125 and from
Porphyromonas gulae) were also tested but caused unspecific embryo deformations
during the first day of development. Cas13d was shown to have a low proportion of
unspecific deformations, and was subsequently used to specifically knock down tbxta
(causing the well-described no-tail phenotype), dnd1 (disrupting germ cell survival),
nanog and pigmentation enzyme tyrosinase (tyr). This indicated that both maternal

and zygotic mRNAs can be efficiently targeted by Cas13d in zebrafish embryos.
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Fig. 3.2. Schematic depiction of the principle of Cas13d-dependent gene targeting zebrafish.

In vitro-transcribed mRNA of Cas13d or purified Cas13d protein is microinjected into the zebrafish
embryo at one-cell stage, alongside the guide RNA (gRNA) specific to the gene of interest. In the
embryo, the ribonucleoprotein complex of Cas13d and gRNA is able to specifically bind to the mRNA
of interest and introducing a cut in its structure. There are no PAM motif requirements for Cas13d
binding to RNA. The schematic of where the nuclease generates a lesion inthe RNA chain is not to
scale. Damaged mRNA is targeted for degradation, causing a gene knockdown and preventing
translation. Figure from: (Kushawah et al., 2020).

In context of this study it was therefore an good opportunity to adapt this technique
for my research in search for an alternative method of mxtx2 depletion. Using
CRISPR-Cas13d would allow efficient, but transient, knockdown of mxtx2, potentially

circumventing the need to generate a stable transgenic line.

3.1.3 Aims of this chapter
| set out with the goal of characterising the role of mxtx2 in ZGA, and for that | needed

a reliable set of tools to disrupt its expression. With that, generation of a stable
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transgenic line lacking mxtx2 expression would be possible. However, gene
disruption even in FO generation can be informative of gene function, therefore
allowing to ask further questions.

In order to achieve the mxtx2 gene disruption, | set out to first familiarise myself with
the CRISPR-Cas9 method and its controls in zebrafish embryos. Following that, my
primary objective was obtaining a reliable and efficient guide RNAs targeting mxtx2.
| designed sets of guide RNAs, verified and tested them, attempting several methods
of guide production and delivery.

The final aim was to adapt the CRISPR-Cas13d technology in order to produce a

reliable knockdown of expression of zebrafish mxtx2 in the embryo.
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3.2. Optimisation of CRISPR-Cas9 Approach to Disrupt mxtx2

3.2.1 gol as a control for Cas9-mediated mutagenesis efficiency

As previously mentioned, one of the biggest challenges in mutagenesis in zebrafish
embryos is the stochasticity of Cas9 nuclease activity. High levels of inefficiency could
render experiments unreliable, and pose difficulty in distinguishing an embryonic
phenotype from experimental noise — damaged embryos, unrelated developmental
disorders occurring by chance, or cellular toxicity of Cas9 or other elements of the
injection solution. It was therefore pertinent to seek out a positive control of the
efficiency of Cas9 activity. Ideally, such a control could also act as a readout of
competency in zebrafish embryo microinjections, which can be an important factor
in overall efficiency of the technique. Therefore, such control should be a guide
targeting a gene with minor or no overall effect on zebrafish development, while
simultaneously having a visible, and ideally scorable, phenotype. This phenotype
should also be visible relatively early in development to allow quick verification of

the methods.

Previous research has found examples of such genes, and one that was selected was
slc24a5, coding for a cation exchanger protein, responsible for a golden (gol)
phenotype in zebrafish embryos (Burger et al., 2016; Jao et al., 2013). go/ will be used
further in this thesis to denote s/c24a5 gene, as both gene annotations are in
common use by the zebrafish community. Mutations in gol/ lead to an easily

observable phenotype: depletion in pigmentation of skin melanocytes and retinal
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pigment epithelium (Lamason et al., 2005). go/ is not essential for development, with
embryos lacking gol surviving to adulthood (Burger et al., 2016). Loss of pigmentation
can be observed at 48 hours post fertilisation, as before that point pigmentation is
still developing, making phenotype assessment difficult. At 48 hpf, retinal
pigmentation is nearly complete in the embryo, allowing for an easy readout of go/
targeting (Dahlem et al., 2012).

Therefore, gol was fitting most of the criteria for a good control for Cas9 mutation
efficiency. Burger et al. have been able to develop an efficient guide RNA against go/
—gol ccB gRNA (Fig. 3.3 A), targeting the 5’ UTR region of the gene. | have decided to

utilise it as a control for Cas9 efficiency.
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Fig. 3.3 gol knockout as a scorable control of Cas9-directed mutagenesis

(A) Genomic region of slc24a5 on chromosome 18, with the gol ccB sgRNA target (Burger et al. 2016)
highlighted in red. (B) A microscope image of 48hpf zebrafish that were microinjected with gol ccB
sgRNA and Cas9 at 1-cell stage. Each depicted zebrafish larva shows different level of eye
pigmentation loss due to Cas9 targeting of gol/ and is an example of pigmentation loss phenotype
scoring: (i) is a non-injected wild-type control showing no pigment loss; (ii) shows low levels of pigment
loss; (iii) shows over 50% loss of pigment in the eye (moderate loss); and (iv) shows almost no
pigmentation in the eye (high loss of gol). (C) A zoomed-in microscope image of heads of zebrafish
larvae in (B), depicting the mosaic phenotypes generated by injections of Cas9 and gol-targeting
sgRNA. Scoring of (i)-(iv) larvae as described above. Red arrows point to a small (ii), moderate (iii), and
large (iv) areas of mosaic lack of pigment, indicating an earlier editing event in (iii), and a much earlier
in (iv).
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Embryos were injected at one-cell stage with the in-house in vitro transcribed gol ccB
gRNA, alongside Cas9 protein, salts and a protein buffer. With the obtained mosaic
knockouts of gol, | have established a scoring system for the mosaic phenotypes (Fig.
3.3 B-C). Pigmentation was assessed only in the retina of the embryo (Fig. 3.3 C), as
this is the only area fully covered by pigmented cells at 48 hpf, and assessing random
pigmentation of the melanocytes on the trunk was not feasible. By observing
pigmentation of retinas of both eyes in every embryo under the light microscope, |
have established four categories. First was full pigmentation of the eyes indicating
no gol loss of function (Fig. 3.3 Ci). Second was low levels of go/ loss of function, with
up to 50% of pigment loss in the eyes, indicating high mosaicism (Fig. 3.3 C ii).
Between 50% and 90% of pigment loss in the eyes indicated a moderate gol loss of
function. Finally, over 90% of pigmentation loss (approximately — by a qualitative
observation of only single pigmented cells in the retina, if any) indicated high levels
of gol loss of function, with none or nearly none pigmented retinal cells. It is
important to note, however, that embryos indicating moderate or high levels of go/
loss of function display a smaller size. This is not a phenotype typically associated
with gol loss, and could indicate a developmental delay of these embryos, as all
scoring was done at the same absolute time, but embryos were not segregated by
stage. A developmental phenotype, whether caused by Cas9 injections, CRISPR-Cas9
targeting, or any other factors, could influence the degree of pigmentation of the
embryo, thus influencing the scoring. This is a major limitation of the phenotype
scoring approach and should be taken into account.

Use of gol as a control alongside or co-injected with other targeting guide RNAs

allowed me to gain confidence and competence in zebrafish embryo microinjections,
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allowing me to act to minimise the effect of embryo microinjection variability on
further experiments. It also served as an aforementioned positive control, a clear and
easy to spot phenotype indicating that injected Cas9 nuclease is active and efficient.
It also allowed us to make improvements to the microinjection protocol (test
conducted by Lucy Wheatley, data not shown), with changes to the concentration of
Cas9 and other components of the injection mix allowing equimolarity between Cas9
protein and guide RNAs. Use of bioinformatics tools like CrispantCal allowed
calculations of exact concentrations of injection mix components needed for optimal
Cas9 efficiency. Use of the “improved” injection mix led to a significant increase in
targeting efficiency (Fig. 3.4), with much fewer embryos exhibiting no gol/ loss of
function (14.2% compared to initial 52.1%) and an increase in the proportion of
embryos with moderate and high gol/ loss of function.

An additional step in the technical optimisation of use of Cas9 in zebrafish embryos
was a switch from jn vitro transcribed guide RNAs to chemically synthesised guide
RNAs. This 2-component system consists of chemically altered RNAs: a targeting
crisprRNA (or crRNA) and a trans-activating RNA or tracrRNA. These 2 RNAs together
form a duplex (dgRNA) that acts as a complete guide RNA — forming a complex with
Cas9 and directing mutagenesis — and has been shown to offer an improved
efficiency over in vitro transcribed single guide RNAs (Jacobi et al., 2017).

Here, use of synthetic guide RNAs has shown a significantly better targeting efficiency
despite exactly same gol ccB guide sequence, with below 10% negative (no LOF)
embryos, and increased proportion of embryos with moderate and high levels of go/
loss of function to around 40%. Overall, these developments contributed to an

increase in efficiency of Cas9-directed gene disruption, as well as to overall
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replicability of experiments. It was decided that synthetic guide RNAs will be further

used in the loss of function experiments.
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Fig. 3.4. Improvements in Cas9 efficiency illustrated by gol phenotype scoring.

Bar charts showing the comparison of percentages of go/ phenotype scores achieved using the initial
injection mix (left), the optimised injection mix based on Cas9 and guide RNA equimolarity (middle),
and injection mix based on synthetic guide RNAs (right) across all injection rounds targeting gol.
Phenotype scoring as in Fig. 3.3. Number of embryos scored for initial injection mix n=1142 (from 9
independent experiments); number of embryos scored for improved equimolarity injection mix
n=1950 (from 12 independent experiments), number of embryos scored for synthetic gRNAs n=849
(from 7 independent experiments). Statistical analysis: chi-squared test, (****) denotes p<0.0001.
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3.2.2 Design of guide RNAs targeting mxtx2

With increased confidence in the efficiency of Cas9-mediated mosaic knockouts in FO
generation, | proceeded with designing guide RNAs targeting mxtx2. | was aiming to
both disrupt the expression of the gene by targeting the promoter, in order to
generate a loss of function mutant that would not trigger genetic compensation, and
to later generate a whole gene locus deletion. Therefore, | designed 4 gRNAs
targeting the promoter region on the 5’ end of mxtx2 gene (Fig. 3.5A-B) (“L” guides),
as well as 4 guides targeting the region on the 3’ end of mxtx2 gene (Fig. 3.5A) (“R”

guides).

Fig. 3.5 First design of guide RNAs flanking the mxtx2 locus.

(A) Visualisation of guide RNAs produced for deletion of Mxtx2 locus, flanking it from both 5’
and 3’ ends, on a genomic map (adapted from UCSC Genome browser).

(B) Expanded view of the 5" UTR and upstream region of mxtx2, showing positions of sgRNA
targets for the promoter region (L1-L4) highlighted in red. CAGE-seq transcription start sites are
shown on tracks below mxtx2 gene (in blue) — TSSs observed in 512-cell stage embryo (2.75 hpf,
9th cell cycle) are highlighted in purple, while TSSs observed in dome-stage embryo (4.33 hpf)
are highlighted in magenta.

Sanger sequencing traces revealed that 3/4 guides designed for the 5’ end of the

mxtx2 gene were able to generate mutations. None (0/4) of the guides designed for

the 3’ end of mxtx2 gene generated indel mutations. The CHOP-CHOP bioinformatics

tool was unable to find additional candidate guide RNAs with promising efficiency
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scores and no off-targets that would target the 3’ region of the mxtx2 locus. With
additional difficulties in amplifying the 3’ region of mxtx2 by PCR due to unexplored
reasons — either repetitive region present in the vicinity of the 3 UTR of mxtx2
disrupting the PCR, or errors in primer design for that region — | made a decision to
abandon attempts of generating a genomic deletion of the whole gene locus by
injecting the embryo with 1 guide RNA targeting the 5" end and 1 targeting the 3’ end
of the mxtx2 gene.

In order to verify the targeting by the designed guide RNAs for the 5’ region of the
mxtx2 locus, zebrafish embryos were injected at one cell stage with Cas9, go/ ccB
gRNA and individual mxtx2-targeting sgRNAs. Injection of none of the individual
guides led to a generation of a significant visible developmental phenotype and
embryos developed normally when observed until 48 hpf (Fig. 3.6A).

Following the results of Sanger sequencing, guide L3 was considered as non-efficient
and was not subsequently used. Lack of discernible developmental phenotype with
any of the gRNAs targeting the promoter region of mxtx2 was discouraging,
especially as these were considered efficient by the bioinformatics tools. However, it
was unlikely, but not impossible that mxtx2 expression was disrupted, but produced
no phenotype. However, this would make generation of a stable transgenic line
nearly impossible, and | was relying on the previous studies that loss of mxtx2 would

disrupt embryonic development and cause developmental defects.

114



100 —
= |

80+
3
® 60
£ ] Normal development
s B Mild/Moderate abnormality
c
39 40 El Severe abnormality
14
w

20+

7
<

1
o Y P o $

& & & F
& & & &

gRNA injected

Fig. 3.6 Injections of individual mxtx2 guide RNAs did not produce a discernible phenotype.

Scoring of developmental abnormalities in embryos injected with individual gRNAs targeting the
mxtx2 5’ region (A). Embryos were observed at 24h post fertilisation. Number of embryos observed:
mxtx2 L1 n=131; mxtx2 L2 n=93; mxtx2 L3 n=55; mxtx2 L4 n=92; gol n=303. (B-D) representative
examples of scored developmental phenotypes with (B) normal development, (C) mild abnormality
and (D) severe abnormality.

Based on the findings of the study by Wu et al. (Wu et al., 2018) | decided to inject
combinations of pairs of guides in order to increase the probability of mutations
being generated in the promoter region as well as create a possibility of a deletion in
case of both guide RNAs efficiently directing Cas9 to cut, and thus increase the
probability of mosaic knockout of mxtx2 expression. Since 3 sgRNAs — L1, L2 and L4
— had a potential to generate indels based on Sanger sequencing, there were 3
possible permutations of guide RNA pairs (Fig. 3.7 A) - pair 1: L1+L2, pair 2: L1+L4 and
pair 3: L2+L4.

Embryos injected with Cas9 and pairs of mxtx2 5’-targeting guides also did not show

a ‘yolk burst’ phenotype, with very few developmental abnormalities observed (Fig.

3.7 B), and the abnormalities being unspecific (Fig. 3.7 C). Therefore, to assess
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whether indel mutations introduced by injected Cas9 affect mxtx2 expression, gRT-

PCR was used to measure steady-state levels of mxtx2 mRNA.
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Fig. 3.7 Overview of the experimental design for pair-wise targeting of mxtx2 promoter by CRISPR-
Cas9.

(A) A simplified depiction of the mxtx2 gene with highlighted sites targeted by mxtx2 gRNAs L1, L2 and
L4, and the combinations of pairs that were injected together. Picture obtained from SnapGene®
software (Insightful Science). (B) Scoring of developmental abnormalities in embryos injected with
pairs of gRNAs targeting the mxtx2 5’ region. Number of embryos assessed for each group: pair 1
n=67; pair 2 n=81, pair 3 n=74, gol gRNA n=74. (C) An example of a severe developmental abnormality
scored in (B) in embryo injected with Cas9 and mxtx2 gRNA pair 1.
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Paired injections of guide RNAs alongside Cas9 have been able to significantly reduce
the relative abundance of mxtx2 RNA in the embryos at high stage (3.33 hpf). gRNA
pairs 1 and 2 were able to produce approximately 50% reduction in mxtx2 levels as
tested by 2 independent primer sets targeting different parts of the mxtx2 cDNA
(Fig.3.8 A-B). This was an encouraging step forward in verification of these guide RNA
pairs as efficient. On the other hand, while significant, the reduction in mxtx2
expression was still limited, perhaps explaining why there was no visible phenotype.
Additionally, as the RNA collected for qPCR was pooled from multiple embryos, the
obtained results are an average from multiple embryos with stochastic levels of

mosaicism.
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Fig. 3.8 qPCR reveals reduction of mxtx2 expression in embryos injected with Cas9 and pairs of
gRNAs.

Both (A) and (B) are bar charts of fold change of mxtx2 expression in pools of embryos injected with
Cas9 and specified guide RNAs, or in an uninjected wild-type control (WT), amplified using 2
independent sets of primers. Fold change of expression of mxtx2 was normalised to the eeflala (elfa)
housekeeping gene and presented as a fold change relative to the expression in embryos injected with
Cas9 targeting gol (gol sgRNA — labelled as control). Results presented as mean of N=4 independent
biological replicates * SD. Statistical significance was tested using multiple one-way ANOVA tests with

Dunnet’s multiple comparisons test, using ACq values (Cqimxtx21 — Cjeifa) between experimental groups
and control (gol). ns p>0.05; *p<0.05; **p<0.01.

In order to further verify the effect of injected pairs of guide RNAs on mxtx2
expression in individual embryos, mxtx2 mRNA was visualised in embryos using
whole-mount in-situ hybridisation (WISH) (Fig. 3.9 A). Mosaicism was assessed by
comparing the expression patterns to the uninjected wild-type controls, which
showed mxtx2 expressed in a previously indicated ring-like pattern around the
embryo margin (Fig. 3.9 A — WT panel) Only a small proportion of embryos exhibited
a mosaic of complete loss of mxtx2 expression, with 13/59 (22%) mosaic embryos
injected with mxtx2 L1 gRNA only. In embryos injected with the paired L1 and L2
gRNAs (pair 1) the proportion of embryos with mosaic mxtx2 expression was lower
than in case of L1 gRNA, suggesting that in that pair it is only L1 gRNA causing Cas9
to generate an indel efficiently. There was a proportion of Cas9 mxtx2 targeted

embryos showing no mxtx2 expression (Fig. 3.9 B), however these could likely be a
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result of technical errors, as a similar proportion of unstained embryos was observed

in the gol sample, not targeting mxtx2.
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Fig. 3.9 Whole-mount in situ hybridisation of mxtx2 mRNA in embryos injected with Cas9 targeting
the promoter region of mxtx2.

(A) A panel of light microscopy images showing colourimetric visualisation of mxtx2 mRNA in sample
embryos from each indicated experimental group and uninjected wild-types (WT). Numbers in the
top-right corner of images indicate the number of embryos with mosaic expression out of total from
each group. Embryos for the WISH experiment were fixed at 50% epiboly stage. (B) Bar chart showing
the fraction of embryos with particular pattern of expression of mxtx2 (normal, mosaic, no detected
expression) as a percentage of all assessed embryos. Statistical significance: Chi-square test on paired
datasets, with significance denoted above the compared pairs. P-values in order from left to right:
P=0.0014 (**), P=0.8672 (ns), P=0.0114 (*), P=0.0353 (*), P=0.0924 (ns) and P=0.1917 (ns).

In summary, the results obtained through scoring developmental phenotypes,
Sanger sequencing, qPCR and WISH show that expression of mxtx2 can be slightly

disrupted by targeting the promoter using individual or paired guides. However,

while the reduction of mxtx2 expression is significant and reaches approximately
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50%, the embryos continue to develop normally and do not exhibit the previously
reported yolk burst phenotype. WISH visualisation of mxtx2 expression in the tested
samples also showed low numbers of embryos exhibiting mosaicism in mxtx2
expression or its loss, further indicating that targeting the promoter might be an
inefficient strategy of inducing loss of function of mxtx2, and that more reliable

options should be explored.

3.3. Generation and Verification of Mosaic mxtx2 knockout

Due to the limited reliability of the promoter-targeting guide RNAs in producing an
mxtx2 knockout, | have decided to restart the process and instead of targeting the
promoter of mxtx2, expand the search for guide RNAs to the whole gene sequence.
In addition, | have employed the use of CRISPRscan software (Moreno-Mateos et al.,
2015), as the algorithm has been shown to find guide RNAs that were highly efficient
in FO gene knockouts in zebrafish (Kroll et al., 2021) and was designed for use in
zebrafish transgenesis by a group specialising in the maternal-to-zygotic transition
(Giraldez group). A group of 4 new guide RNAs with the highest reported efficiency
scores was selected (Fig. 3.10). Interestingly, all of those guides targeted exon 2 of
the mxtx2 gene (Fig. 3.10 A), with 3 out of 4 targeting the sequence coding for the
homeobox domain of mxtx2 (Fig. 3.10 B), and one targeting the sequence directly

preceding the domain.
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Fig. 3.10 Schematic of design of guide RNAs targeting the exon 2 of mxtx2.

(A) A simplified diagram depicting the mxtx2 gene and distinguishing the 5’ UTR, exons, introns and
3’UTR. Approximate positions targeted by newly designed guide RNAs (CS1-CS4) are marked with red
arrows. (B) A very simplified diagram of the Mxtx2 protein amino acid sequence with a highlighted
position of the homeobox DNA binding domain (dark blue). Approximate positions that would be
disrupted by guide RNA targeting are marked with red arrows annotated with the associated guide
RNA.

Embryos were injected with Cas9 and individual guides at 1-cell stage and collected
in batches of 3 for each sample at 24 hours post fertilisation. Following that, genomic
DNA of embryos was extracted and sent for sequencing. Efficiency of indel formation
by Cas9 targeting by guide RNAs was verified by analysis of Sanger sequencing traces
over the amplified region of exon 2 of mxtx2, with none of the guide RNAs producing
a significant disruption in the genomic sequence (Fig. 3.11 A-D). Guides CS2 and CS4
showed very minor disruptions, but these results indicated low guide targeting
efficiency in the injected embryos. This could be due to the timing of collection of
embryos for DNA extraction at 24 hpf. Severe developmental phenotypes and
embryo death, that could be caused by loss of Mxtx2, would occur earlier, therefore
the batches are unnecessarily biased towards healthy, unaffected embryos

containing low or no Mxtx2 loss of function. Due to this issue | decided to proceed

with observations of embryos with disrupted mxtx2 expression using these guide
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RNAs (individually), to establish whether these are sufficient to produce a

developmental phenotype.
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Fig. 3.11 Sanger sequencing of the genomic region of mxtx2 in embryos injected with Cas9 targeted
to the coding sequence of the gene.

Sanger sequencing traces of the region surrounding the mxtx2 exon 2 where all of the CS guides are
targeted, used as a readout indicating Cas9 targeting and introduction of indel mutations (or lack of
it) in embryos injected with individual guide RNAs designed to target sites indicated in Fig. 3.10. Red
arrows denote approximate positions of Cas9 nuclease target sites, while black arrowheads denote
the small disruption in genome sequencing indicative of Cas9-induced indels. Screenshots of the
sequencing traces were obtained from SnapGene® software (from Insightful Science; available at

snapgene.com).
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Surprisingly, that was the case, as embryos injected at one-cell stage with Cas9 and
individual guides targeting exon 2 of mxtx2 exhibited a significant number of
developmentally disrupted, as well as dead embryos. The pattern of developmental
disruption was consistent in the groups with mxtx2 targeting by Cas9, with a large
proportion of embryos arresting approximately around bud stage and failing to
develop further when observed at 24 hpf. All groups also had a significant proportion
of embryo death that was not present in the gol-targeted control embryos not
targeting mxtx2. This indicated that the presented phenotypes can likely be
associated with the effect of mxtx2 disruption by Cas9. Presence of similar
phenotypes in 4 groups, injected independently, was unlikely to be attributed to a
technical error or toxicity of the injected components. Additionally, injections of CS4
guide RNA without Cas9 did not result in an increased embryonic lethality, indicating
that this effect was Cas9-dependent, while lack of the phenotypes in the gol-targeted
control confirmed that the effect could not be due to the toxicity of Cas9 nuclease
itself. Therefore, it could be concluded that the visible phenotypes and embryo death
were induced by the Cas9 targeting mxtx2. The effects of guide RNAs CS2 and CS4
stood out, with CS2 causing the highest proportion of developmentally disrupted
embryos (27/85, 37.8%), while CS4 guide RNA had by far the highest proportion of
induced embryo lethality (47/51, 92.2%). It was still not known however if the guide

RNAs truly cause disruption to mxtx2 expression.
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Fig. 3.12 Developmental defects in embryos injected with Cas9 targeting mxtx2 exon 2.

(A) A panel of light microscopy images depicting representative developmentally abnormal embryos
observed at 24 hpf in groups injected with Cas9 and indicated guide RNAs. Numbers in the bottom
right indicate the number of observed developmentally abnormal embryos out of total. In the mxtx2
CS4 gRNA injected group (right-most panel), the image contains all surviving embryos, with the
developmentally abnormal marked with a red arrowhead.

(B) Scoring of developmental abnormalities in embryo groups depicted in (A) - injected with Cas9 and
indicated gRNAs targeting the mxtx2 exon 2 and Cas9 and go/ gRNA as a non-targeting control.
Number of embryos assessed for each group: go/ n=81; mxtx2 CS1 n=84, mxtx2 CS2 n=85, mxtx2 CS3
n=57; mxtx2 CS4 n=51.

Therefore, | have decided to visualise mxtx2 expression using WISH, as before.
Embryos were injected with Cas9 alongside individual guide RNAs and fixed at 30%
epiboly stage, following which a digoxygenin-labelled probe was used to bind mxtx2
mMRNA. Anti-digoxygenin antibody was used to bind and visualise the probe bound to
the mxtx2 mRNA. Through that, | could observe the patterns of mxtx2 expression and
identify embryos where this pattern was disrupted or lost. Embryos injected with
Cas9 and guides targeting exon 2 of mxtx2 exhibited very high levels of disruption of

expression. All of the guides induced some level of disruption in at least 80% of all

assessed embryos (Fig. 3.13). From all of the gRNAs tested, CS4 had the most striking
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effect, with 36/42 (85.7%) embryos having no detectable expression of mxtx2. These
results should be taken with a caveat that 7/39 (17.9%) of control embryos with
targeted gol instead of mxtx2 showed no mxtx2 signal (Fig.3.13). This was most likely
due to the human error along the protocol and uneven staining between embryos.
However, detected mxtx2 depletion was much larger in case of all of the
experimental samples, suggesting that it was likely not due to experimental error.
Embryos also expected a varying degree of mosaic mxtx2 depletion, suggesting that
specific subpopulations of cells were selectively affected, and a Cas9-induced lesion
was introduced in those cell populations. These results, taken alongside the
phenotype penetrance, suggested that mxtx2 is efficiently depleted in zebrafish

embryos through use of these guide RNAs.
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Fig. 3.13 Whole-mount in situ hybridisation of mxtx2 mRNA in embryos injected with Cas9 targeting
exon 2 of mxtx2.

(A) A panel of light microscopy images showing colorimetric visualisation of mxtx2 expression in
representative sample individual embryos from each indicated experimental group (top row) and
groups of embryos (bottom row). Numbers in the top-right corner of images indicate the number of
embryos with mosaic mxtx2 expression out of total from each group (*in case of CS4 gRNA, the
representative picture shows an embryo with no expression of mxtx2, and the number indicates the
proportion of embryos with no mxtx2 expression out of total). Embryos for the WISH experiment were
fixed at 30% epiboly stage. (B) Bar chart showing the fraction of embryos with each of the scored
patterns of expression of mxtx2 (normal, mosaic, no detected expression) as a percentage of all
assessed embryos. N=1.

To further verify that mxtx2 is indeed targeted by Cas9 and exon 2 guide RNAs, | have
followed with qPCR assay, quantifying mxtx2 expression. | have selected guide RNAs
CS2 and CS4 for this analysis, as guide CS4 has shown a high level of mosaic knockout
in WISH, and CS2 guide had a more moderate effect, with more mosaic embryos.
gPCR was proceeded with as before. Embryos were injected with Cas9 and guide
RNAs at one cell stage, and pools of 25 embryos for each group were collected for
RNA extraction at the 30% epiboly stage (4.66 hpf). This stage was selected due to

high levels of expression of mxtx2 reported in RNAseq studies, allowing for a greater
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dynamic range in the quantification of mxtx2 loss. Relative expression was assessed
with use of 2 independent primer pairs amplifying separate regions of mxtx2 (Fig.
3.14 A).

The results of gPCR analysis did not match the significant depletion phenotype shown
by WISH (Fig. 3.14 B). Targeting mxtx2 with guide RNA CS2 showed no significant
change to the relative abundance of mxtx2 mRNA in the embryos. Guide CS4,
assessed by WISH to be more efficient, showed a larger degree of depletion of mxtx2
MRNA (up to 40%), but only with one of the primer pairs, overall indicating a not
significant depletion of mxtx2 mRNA in the injected embryos. This was an
unexpected result, as gPCR analysis of guide RNAs with no developmental phenotype
and small effect on mxtx2 expression assessed by WISH showed a higher degree of
mxtx2 depletion. On the other hand, gPCR was conducted on pooled sets of embryos,
and it is possible that penetrance of mxtx2 targeting and degree of mosaicism varied
between each of the biological replicates. Human error in the gPCR protocol — such
as pipetting errors in loading the 96-well plate - also may have been a source of
variability and would in extent explain the variability of obtained results.
Nevertheless, assessment of mxtx2 mRNA expression by gPCR failed to verify the
guide RNAs. It must be noted that primer pairs used in this verification were located
downstream of potential Cas9-induced lesions, which should make them good
indicators of mxtx2 expression disruption. Ideally, gPCR primer pair located near the
Cas9 targeted site should be used to accurately detect expression disruption. Despite
the non-significant disruption of expression of mxtx2 measured by qPCR, and due to

limitations of qPCR experiments mentioned above, | decided to follow the results of
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WISH and use guide CS4 as a tool for generating a mxtx2 mosaic knockout in the

zebrafish embryo.
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Fig. 3.14 Analysis of mxtx2 expression in embryos injected with Cas9 and guide RNAs targeting the
mxtx2 exon 2 by qPCR.

(A) A schematic diagram of mxtx2 locus, showing locations of CS2 and CS4 guide RNAs (red arrows)
and positions of primers used for gPCR analysis (purple lines). (B) A bar chart of fold change of mxtx2
expression in pools of embryos injected with Cas9 and specified guide RNAs amplified using 2
independent sets of primers. Fold change of expression of mxtx2 was normalised to the eeflala (elfa)
housekeeping gene and presented as a fold change relative to the expression in embryos injected with
Cas9 targeting gol. Results presented as mean of N=4 independent biological replicates + SD.
Statistical significance was tested using multiple one-way ANOVA tests with Dunnet’s multiple
comparisons test (ns p>0.05).
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3.4. Adaptation of Cas13d — RNA Targeting CRISPR Tool

CRISPR-Cas9 offered an opportunity to generate mosaic mutations, and, in
perspective, a stable mutant line with disrupted expression of the target gene.
However, in my study | wanted to target genes disruption of which was likely to
produce a severe embryonic phenotype, if not embryonic lethality. Additionally,
generation of stable lines is a laborious and time-consuming process, and as shown
above, CRISPR-Cas9 does not always offer exceptionally high efficiency of
mutagenesis. Therefore, as outlined in the introduction to this chapter, | was looking
for independent methods of disrupting the mxtx2 gene. One such option would be
morpholino oligonucleotide, however the observations of mxtx2 disruption using
that method have already been reported (Wilkins et al., 2008; Xu et al., 2012).

An alternative form of RNA interference presented itself with the advancement in
use of CRISPR-Cas13. As the method was adapted with success to use in zebrafish
embryos(Kushawah et al., 2020), | have decided to use it to efficiently knock down
mxtx2 expression in embryos. Success with this method could result in subsequent
use of this approach to knock down other early zygotic genes, significantly simplifying
the process of obtaining loss of function phenotypes. This would be additionally
helped by the fact that RNA interference mutants could be studied in FO generation
— immediately after delivery of CRISPR-Cas13.

Thus, | have proceeded to first verify that the method and protocol of Cas13d-
dependent RNA targeting in zebrafish embryos established by Kushawah et al. is

efficient (Hernandez-Huertas et al., 2022; Kushawah et al., 2020). This would serve
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as a basis for further application of this method and establish a baseline expected
efficiency.

The first objective was to obtain and produce components of the CRISPR-Cas13d
complex. In the study, the group uses 2 methods of Cas13d nuclease delivery to the
embryo. First as a capped mRNA that is then translated in the embryo, and second
as purified protein.

Initially, | obtained a plasmid containing a construct of Cas13d and a fluorescent
reporter (EGFP), with a strong elongation factor 1 alpha (EF-1a) promoter (Fig. S2).
The 2 protein coding sequences are separated by a linker containing a P2A peptide,
which causes cleavage during translation by ribosome skipping (Liu et al., 2017). This
allows Cas13d and EGFP to form separate proteins post-translationally. Fusion of
Cas13d and EGFP could lead to an unlikely event in which its nuclease activity or
ability to bind RNAs is disrupted.

Cas13d and EGFP have been cloned out of this plasmid and inserted into a more
convenient expression plasmid used by the Miiller group (Hadzhiev et al., 2019): a
modified version of pCS2 (Fig. S3). This plasmid contains a T7 promoter that would
be used in in vitro transcription, generating capped mRNA of Cas13d-2A-EGFP, which
will subsequently be injected into embryos.

Plasmid DNA can be injected into zebrafish embryos to cause ectopic expression
(Koster and Fraser, 2001). To verify if Cas13d can be transcribed and translated in
embryos, | injected one-cell stage embryos with 2ng/ul of the pCS2+T7-Cas13d-2A-
EGFP plasmid (Fig. 3.15). Expression of the plasmid was driven by a cytomegalovirus
(CMV) promoter. Since EGFP does not contain a separate promoter to Cas13d, green

fluorescence should indicate that the whole construct can be transcribed and
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translated in the embryo. Indeed, | have observed ectopic and mosaic expression of
GFP as early as the sphere stage and 30% epiboly (Fig. 3.15 B-C) when viewing the
embryos under a fluorescence microscope. Mosaic expression was expected from
the plasmid DNA, however presence of GFP in early development indicated that
Cas13d could be translated early enough in the embryo to be of use in disruption of

not only zygotic, but potentially also maternal transcripts.

control pCS2+T7-Cs13d-2A-EGFP 2ng/ul

1

brightfield

Fig. 3.15 Injections of plasmid DNA carrying the Cas13d-2A-EGFP show expression of the green
fluorescent marker at 50% epiboly.

A panel of light microscopy images showing the green fluorescence channel (A, B, C)) and brightfield
view (A’, B’, C’') of embryos injected at 1-cell stage with the indicated solutions (control = nuclease-
free water). Images were taken at 5.66 hpf. 1 representative control embryo and 2 separate
representative embryos injected with the Cas13d-2A-EGFP plasmid are presented.

Following that, | have in vitro synthesised capped mRNA of the Cas13d-2A-EGFP
construct for further use in RNA targeting in embryos. Simultaneously, | have
designed guide RNAs for use with Cas13d. This was based on the protocol established
by Kushawah et al. and a simplified cartoon depicting guide RNA design and

production is presented in Fig. 3.16.

132



RNAfold software was used to predict the structure of the target mRNA (Lorenz et
al., 2011). Unlike Cas9, Cas13d does not require a PAM motif, therefore the potential
sequence of target sites is unrestricted. The target site should contain 22 nucleotides,
and the candidate sites were selected based on regions with the lowest base-pairing

probability based on minimum free energy predictions.

133



1) Selection of target sites based on RNA accessibility
(structure predictions), no PAM

J

[5° | targetmRNA of interest 3|

Selected target site (22nt) becomes the
spacer sequence in the guide PCR primer

" » Guide PCR
5 spacer (an) [NCHESASERRRI > S
+
‘Univer 3 Cestddoverap | T7promoter 5
‘Universal’ primer

2) PCR annealing &
amplification

5 spacerlaam) | Cotsdoverip [ THGHGE
o g s | dpmnaperse IS

3) In vitro transcription of the double
stranded oligo using T7 RNA polymerase

T7 RNA pol

5 spacer (22nt) 3

¢

|__omy |3 TargetgRNA

4) Co-injection of Cas13d with gRNA to form
RNP complex targeting mRNA of interest

* (Cas13d (mRNA or

protein) l5' I target |mRNAoﬂnterest

3

gRNAs
1-cell stage
embryo

§

Fig. 3.16 Simplified overview of Cas13d guide RNA design, production and delivery.
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Following that, a DNA oligonucleotide containing the targeted sequence (spacer) and
a Cas13d overlap (a direct repeat forming a stem loop that allows Cas13d-gRNA
complex formation) was ordered. Then, this oligo was PCR annealed and amplified

|II

with a “universal” oligo, containing a T7 promoter and a complementary Cas13d
overlap sequence. Then, obtained double-stranded DNA oligos serve as a template
for the T7 RNA polymerase in an in-vitro transcription reaction. The result of it is a
guide RNA, containing a reverse complement sequence of the Cas13d repeat and a
22 nucleotide sequence complementary to the mRNA of interest. Guide RNAs can
then be microinjected alongside Cas13d mRNA or protein into the 1-cell stage
zebrafish embryo, where the Cas13d-gRNA ribonucleoprotein complex would target
the mRNAs of interest.

In the adaptation of this technique, it was found that injection of multiplexed guide
RNAs targeted to the same mRNA of interest led to a higher efficiency of mRNA

targeting (Konermann et al., 2018; Kushawah et al., 2020). | have therefore also used

multiplexed guide RNAs in groups of 3.

3.4.1. Cas13d mRNA and protein injections produce an unspecific phenotype

Initially, | used guide RNAs designed and tested by Kushawah et al. as positive
controls for the mRNA targeting in the embryo. Guide RNAs targeting tbxta (nt/) gene
were used as an example of targeting one of the key genes involved in early
development, one with a distinguishable phenotype, and expressed in the embryo
approximately around the same time as the peak of expression of mxtx2. Embryos
were injected with the Cas13d mRNA at a reported optimal concentration of

200ng/ul (200 pg per embryo), and a combination of 3 previously reported efficient
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guide RNAs at a combined concentration of 600 ng/ul (600 pg per embryo). The
obtained results were not expected. Cas13d targeting of tbxta failed to produce the
easily distinguishable no-tail phenotype, instead causing an unspecific phenotype in
injected embryos that was dose-dependent and was not a result of tbxta targeting,
as embryos injected with only the Cas13d mRNA and no guide RNAs displayed the
same unspecific phenotype (Fig. 3.17). Embryos with the unspecific phenotype
displayed several characteristics and the degree of severity of this phenotype varied
between embryos. There was a visible increase of cell death in the epithelium,
disruptions to the anterior-posterior and dorso-ventral body axes, multiple severe
developmental defects including defective somitogenesis, defects in brain formation,
and in most severely affected embryos cyclopia (Fig. S4) or even headlessness. This
effect has also been observed in injections with other guide RNAs. It was therefore
impossible to utilise Cas13d mRNA as a tool of disruption of expression of
developmental genes due to the severe developmental phenotype effectively

masking any of the phenotypes induced by true gene depletion.
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Fig. 3.17 Injections of Cas13d mRNA caused a non-specific phenotype in zebrafish embryos.

(A) Images of representative embryos injected with the denoted concentrations of Cas13d-EGFP
mRNA and guide RNAs targeting tbxta at 2 concentrations, and wild-type uninjected control. Embryos
were imaged at 24hpf. In the left panel, an embryo representative of wild type uninjected controls is
presented. Embryos representative of what has been considered a moderate non-specific phenotype
have been presented alongside their proportion in the injected group (N=1).

(B) Images of embryos injected at 1-cell stage with the Cas13d-EGFP mRNA (200ng/ul) and a mix of
guide RNAs targeting tbxta (600ng/ul total gRNA concentration). (Left panel) Embryos were assorted
based on severity of the unspecific phenotype and counted, with representative embryos for each
group and the number of embryos from total assessed presented in the brightfield panel. Embryos
were imaged at 24hpf. (Middle panel) Image showing the green fluorescence of EGFP (translated
alongside Cas13d in embryos) in representative embryos from (Left panel). (Right panel) Image
showing the fluorescent marker rhodamine that was added to the injection mix to serve as a marker
of injected embryos and an indicator of the distribution of the injection mix in the embryo.

Aiming to determine whether this severe unspecific phenotype was caused by the
method of delivery of Cas13d as a capped mRNA, | have sought out to use Cas13d
protein instead. Cas13d protein was produced from the pET-28b-Cas13d-his plasmid
(Fig. S4). Plasmid production and purification was conducted by Dr Neville Gilhooly,
who also kindly gifted the purified Cas13d protein and the dialysis buffer used in

protein purification for use as a control. Injections of the Cas13d protein into the one

cell embryos at the concentration suggested by Kushawah et al. — 250ng/ul, and

137



without targeting guides resulted in a severe embryo toxicity and lethality at 24 hours
post fertilisation, and serial dilutions of the protein resulted in a decrease in toxicity,
but an increase in the proportion of embryos with the unspecific phenotype (Fig.

3.18). Embryonic lethality of the Cas13d seemed to be dose-dependent.
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Fig. 3.18. Injection of purified Casl13d protein causes embryonic lethality and unspecific
developmental phenotypes in 24hpf embryos.

(A) Panel of images showing representative embryos from each experimental group at 24hpf.
“Buffer control” embryos were injected with the dialysis buffer used for Cas13d protein storage at
an equal volume. Representative embryos developing normally (top) and abnormally (bottom) were
selected, with numbers indicating the proportion of each group as part of all alive embryos. (B)
Graph displaying survival of embryos from marked groups injected with serially diluted
concentrations of Cas13d at 1 cell stage, as measured at 8hpf and 24hpf. “Control (H20)” group
were embryos injected an equal volume of nuclease-free water.
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Injecting embryos at 1-cell stage with Cas13d protein and guide RNAs targeting the
pigmentation gene tyrosinase tyr (replicating the method used in (Kushawah et al.,
2020)), a gene which should not have any effect on embryo development, showed
the same embryonic lethality at a high dose of Cas13d (250 ng/ul) and an increase in
embryonic lethality when injected at the lowest tested protein concentration (31.25
ng/ul) (Fig. 3.19B). This indicates that the embryonic lethality could be resulting from
the Cas13d protein activity in the embryo, and not solely its presence. This does not
apply to the highest tested concentration, which caused total lethality with both
untargeted and tyr targeted Cas13d.

Cas13d targeting of tyr mRNA did not result with an observable loss of pigmentation
in embryos at 48hpf, in contrast to the results obtained by (Kushawah et al., 2020)
(Fig. 3.19 A). At 24hpf 25% (14/55) of embryos injected with the low dose of Cas13d
protein and tyr guide RNAs exhibited the same unspecific phenotype as described
before, with varying degrees of severity (Fig. 3.19A, rightmost panel). These results
indicated that observed toxicity of the Cas13d protein injection could potentially be
correlated with its enzymatic activity, and was independent of the method of

nuclease delivery.
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Fig. 3.19. Injection of purified Cas13d protein targeting the tyr mRNA does not reduce embryo
pigmentation; causes embryonic lethality and unspecific developmental phenotypes in 24hpf

embryos.

(A) Panel of images showing representative embryos from each experimental group at the time
indicated in the bottom right. Control embryos were injected with the dialysis buffer used for
Cas13d protein storage at an equal volume. In the left and middle panel, representative embryos
were selected at 48hpf to compare pigmentation levels. In the right panel, representative embryos
developing normally (top) and abnormally (bottom) are presented, with numbers indicating the
proportion of each group as part of all alive embryos. (B) Graph displaying survival of embryos from
marked groups injected with indicated injection solutions at 1 cell stage, as measured at 8hpf and

24hpf.
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3.4.2. Targeting mRNA with Cas13d fails to efficiently disrupt gene expression.

The results presented above provided sufficient evidence of Casl3d having an
unspecific effect in the embryos, causing a severe developmental phenotype and
embryo death. Nevertheless, the question remained whether Cas13d was targeting
MRNA in the injected embryos. Results from Fig. 3.19A showed that tyrosinase was
not efficiently knocked down by Cas13d. In confirmation of these results, when
targeting mxtx2 in embryos using a mix of 3 guide RNAs designed and produced in-
house and Cas13d mRNA (that was better tolerated by the embryos in terms of
survival), expression of mxtx2 is not changed. Visualising the mxtx2 mRNA by WISH
(Fig. 3.20) showed that Cas13d did not disrupt expression of mxtx2 in 30% epiboly
embryos. Bearing in mind that Cas13d could only gradually reduce expression instead
of creating mosaic patches of cells with no expression like Cas9, | have used a
different scoring system for assessment of the Cas13d mxtx2 knockdown by WISH,
based on the intensity and completeness of the staining around the embryo margin.
Embryos stained by WISH were separated into 4 groups — 1) with complete loss of
expression; 2) weak, but discernible staining, 3) strong, but partial margin staining,
4) strong and complete margin staining (Fig. 3.20 C). There were no differences in the
proportions of each expression scoring groups among all of the experimental
samples (including a sample with a doubled concentration of guide RNAs, tested to
check if it could potentially influence efficiency). Therefore it can be concluded that
Cas13d targeting to the mxtx2 mRNA did not induce any change to its abundance,

expression or stability in the embryo.
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Fig. 3.20 Cas13d targeting of mxtx2 mRNA did not cause a change in mxtx2 expression.

(A-B) Light microscopy images showing colorimetric visualisation of mxtx2 mRNA in groups of embryos
injected with the indicated solutions at 1-cell stage. Embryos for the whole mount in situ hybridisation
experiment were fixed at 30% epiboly stage. (C) Bar chart showing the fraction of embryos with each
of the scored patterns of expression of mxtx2 (normal, weak, and partial staining, and no detected
expression) as a percentage of all assessed embryos. N=1; Cas13d mRNA control — n=50; mxtx2 gRNAs

300ng/ul — n=45; mxtx2 gRNAs 600 ng/ul — n=42.
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3.5 Discussion

The primary aim set out for this chapter was to establish a set of tools for efficiently
disrupting mxtx2 in the embryo. Initial designs and optimisation of the targeting of
mxtx2 required a significant amount of trial and error, each round of experiments
informing the next, leading to gradual improvements, but also inconsistencies
between approaches. This can result in a lack of systematic datasets. First designed
guide RNAs targeting the mxtx2 5’ promoter region and 3’ region were not efficient.
This was likely due to a combination of reasons. Firstly, | have restricted the design
to targeting the promoter and flanking the gene, therefore significantly restricting
the base of potential guide RNAs. Secondly, human errors and injection efficiency
may have influenced the obtained results. Thirdly, the protocol for CRISPR-Cas9
disruption of genes was still being established in the laboratory group, with several
optimisations. Finally, some in vitro transcribed guide RNAs have been found to lack
the mutagenic activity at particular sites and unable to efficiently mutagenize their
targets, with significantly reduced endonuclease activity of Cas9 (Burger et al., 2016;
Gagnon et al., 2014; Thyme et al., 2016).

The improvement of transgenesis efficiency with use of synthetic guides — duplexes
of crRNA and tracrRNA — was an important change, aiding the attempts of mosaic
knockout of mxtx2 in embryos. Previous studies in mouse and zebrafish embryos
have shown significantly higher mutagenicity of the dgRNAs (duplex guide RNAs)
when compared to in vitro transcribed single guide RNAs (Hoshijima et al., 2019;
Jacobi et al., 2017). This is most likely due to modifications to the RNA backbone

improving chemical stability of the guide RNAs, as well as standardised production
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leading to reduction of impurities that could hinder formation of guide RNA-Cas9
ribonucleoprotein complex, however this hypothesis has been contested by
(Hoshijima et al., 2019). Additionally, they show that single guide RNAs suffered from
a reduced efficiency most likely due to supernumerary 5’ guanine nucleotides, added
by the activity of T7 promoter used for their transcription, and lack of those in
dgRNAs contributes to their increased efficiency In this study, sgRNAs were indeed
transcribed from a T7 promoter, indicating it as one of possible reasons of low
mutagenic efficiency.

Use of WISH and qPCR to assess mxtx2 expression has showed that guides targeting
the promoter region of mxtx2 were able to reduce its expression, but that was not
observable by mRNA visualisation. That approach of mxtx2 knockout also did not lead
to a visible phenotype reported in the studies using a morpholino knockdown
(Wilkins et al., 2008). Guides targeting the promoter region of mxtx2 were not able
to efficiently disrupt its expression, despite use of several combinations.

Using guide RNAs targeted to the functional domain of mxtx2, | was able to
mosaically knock out this gene in embryos. Efficiency of the gene disruption was
supported by WISH and a penetrant phenotype of arrest at the end of epiboly and
high levels of embryonic lethality, with both correlating with previously reported
roles of mxtx2 in epiboly. However, quantitative measurement of mxtx2 expression
showed very limited change in embryos where the mosaic knockout was induced.
This is a confusing result, however there is a possible explanation. Embryos injected
with Cas9 and mxtx2 guide RNAs exhibit a developmental delay, particularly at the
onset of epiboly (own observations, data not shown). In gPCR assays presented in

this chapter, | have collected embryos based on the morphology staging. Therefore,
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embryos injected with mxtx2 guides were collected later than the associated
controls. While both groups were at the same stage morphologically, it is not
impossible that due to this temporal difference, mxtx2 was expressed to a higher
degree in targeted embryos than in controls, creating a significant amount of noise
in qPCR data. | have not, however, gathered any evidence that would support this
speculation.

An alternative explanation could be that the very limited disruption of mxtx2
expression by the CS2 and CS4 guide RNAs was true, and even such a small degree of
disruption is able to cause a significant phenotype. This, however, does not correlate
with WISH assay showing almost complete loss of mxtx2 expression at 30% epiboly.
Efficiency of Cas9 disruption reported here was not as high as that reported by (Wu
et al.,, 2018) or (Hoshijima et al., 2019), where mutagenesis efficiencies and
subsequent reduction in gene transcription ranged from 80 to 99%. This was despite
“CS” guides all being used as more efficient dgRNAs with Cas9. Nevertheless, mosaic
loss of mxtx2 as observed by whole mount in situ hybridisation was high enough to
justify the use of the mxtx2 CS4 guide RNA as a tool for FO mosaic knockouts of mxtx2
in further study. Additionally, lesions created by Cas9-gRNA complexes might not
have always caused a truncation or nonsense mutation that led to an impact on
mxtx2 mRNA stability. These cases would be detected using WISH, as the lesion could
affect probe binding to a sufficient degree, but would not be detected using qPCR, as
the primer pairs were not designed to flank the guide RNA target sites.

Adaptation of Cas13d to target mxtx2 was unsuccessful, as | was not able to replicate
the results achieved by Kushawah et al. despite using the same reagents and

following the protocol that this group have established (Hernandez-Huertas et al.,
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2022; Kushawah et al., 2020). The non-specific phenotype of Cas13d had a striking
resemblance to the phenotype shown by use of double stranded RNAs in RNA
interference (Oates et al., 2000; Zhao et al., 2001). This suggests that the observed
non-specific phenotype could be caused by formation of double-stranded RNA in the
embryos causing activation of the antiviral immune responses in the embryo, leading
to subsequent cell apoptosis. This effect was likely mediated by Cas13d, as injection
of guide RNAs without the protein did not cause the phenotype. Therefore, in this
study | have shown a potential unspecific effect of Cas13d nuclease in zebrafish
embryos, leading to developmental defects, increased apoptosis, abnormal axis
formation, cyclopia and embryo death. While this should not discourage the
attempts to establish Cas13d as a method of RNA disruption in zebrafish embryos,
those unspecific effects should be taken into account in further research and help
inform the potential controls. Potentially, an alternative Cas13 protein, one not
inducing a response form the embryo, could be used with the efficiency reported by
(Kushawah et al., 2020), while new studies advance the design of highly efficient
guide RNAs and develop bioinformatics tools for guide RNA efficiency prediction

(Wessels et al., 2020).

In conclusion, while the goal of establishing of a genomic toolset for mxtx2 disruption
was not achieved, in this study | have successfully generated an efficient method of
generating zebrafish mxtx2 mosaic crispants using Cas9 and guide RNA targeted to
the homeobox domain of the gene. This could be a potentially useful tool in further
studies of mxtx2 function and serve as a basis for generation of a mutant line.

However, due to the remarkable efficiency of depletion of mxtx2 mRNA as
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established by WISH, this guide RNA could also be used for exploration of Mxtx2
function in mosaic, FO embryos.

With higher efficiency tools, several targeted mutations of mxtx2 could be developed
based on targeting particular sites (such as the homeobox domain), targeted
deletions of exons or UTRs or deletion of the whole gene,

Additionally, in this chapter | have shown that Casl3d can cause unspecific
developmental abnormalities in zebrafish embryos, an effect present in both mRNA
and purified protein injections of this nuclease, and this effect was highly dependent
on the co-injection of Cas13d nuclease with guide RNAs. The unspecific phenotype
displayed remarkable similarity to that of dsRNA injection into zebrafish embryos.
This study failed to replicate results of Kushawah et al. and these negative results
could be highly informative for other researchers aiming to use Cas13d to disrupt
MRNAs in zebrafish embryos. This also poses a question whether Cas13d should be
used as a method of gene knockdown in zebrafish, and if so, strict controls ensuring
the specificity of phenotypes should be established as standard, similar to

morpholino oligonucleotides (Stainier et al., 2017).
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Chapter 4: Characterisation of Developmental
Defects in Zebrafish Embryos Lacking Mxtx2

Transcription Factor

4.1 Introduction

The preliminary work on transgenesis tools yielded an efficient way of targeting
mxtx2 using CRISPR-Cas9. There was therefore a possibility of expanding on the
knowledge already gathered about this transcription factor. Results of RNA
sequencing that place mxtx2 as one of the highest expressed genes at 256 and 512
cell stages in the zebrafish embryo (Heyn et al., 2014) have raised a number of
important questions. The main one is why is this gene, with a clearly specified
function later in development, expressed so early? What is the need for mxtx2 to be
present in early wave of transcription, instead of during the main wave of genome
activation? Is mxtx2 involved in main-wave ZGA, bringing its function closer to its
mammalian relatives?

Most previous studies focused heavily on mxtx2 function post-ZGA — in epiboly. A
large amount of information about its function has already been discovered through
use of the morpholino oligonucleotide knockdown. Embryos lacking mxtx2 fail to
progress through epiboly, displaying a yolk burst phenotype — this has been
associated with a disorganisation of cells in the yolk syncytial layer, as well as loss of

the F-actin contractile ring present in E-YSL (Wilkins et al., 2008). Later, it was found
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that expression of mxtx2 is required for YSL-specific expression of several genes,
including a nodal effector ndr2 and a transcription factor sox32. mxtx2 morphants
fail to induce mesoderm and endoderm, mediated by the aforementioned ndr2 and
sox32 (Hong et al., 2011; Xu et al., 2012).

Perhaps the most informative was the mxtx2 overexpression ChIP-seq in dome-stage
embryos, showing that mxtx2 has a broad transcriptional activation profile, binding
over 1700 gene loci, and approximately 44% of all YSL specific genes (Xu et al., 2012).
Expression of mxtx2 has since been placed as a direct target downstream of Nanog
pioneer factor (Hong et al., 2011; Xu et al., 2012), and its expression in YSL was
dependent also on translation of maternal eomesa (Xu et al., 2014). Mxtx2 was thus
shown to be a member of Nodal signalling pathway — downstream of Nanog and
Eomesa, but upstream of Nodal effectors. To further confirm this, it was shown that
expression of mxtx2 was lost in Nanog mutants, however ectopic expression of mxtx2
was able to rescue expression of YSL-specific genes (Gagnon et al., 2018; Veil et al.,
2018; Xu et al., 2012), and mxtx2 has been placed by gene regulatory network
analysis as one of the key elements in establishing mesendodermal fate in
blastomeres (Nelson et al., 2017).

However, whether or not mxtx2 had an effect on ZGA has not been studied. ChIP-seq
analysis has been done in dome stage embryos, after the main wave of ZGA and at
the onset of epiboly, and role of mxtx2 in epiboly has been elucidated. However, as
the RNAseq of nascent transcripts (Heyn et al., 2014) and whole mount in situ
hybridisation (Fig. 4.1) show, mxtx2 mRNA can be detected in embryos very early.
While WISH did not detect mxtx2 transcripts in 256-cell (in contrast to the undeniably

more sensitive RNAseq), they were present in a 1k-cell stage embryo (at the onset of

150



ZGA) and were distributed ubiquitously across blastomeres. Spatial distribution of
mxtx2 expression then became more restricted, localising to the blastoderm margin
and YSL, with limited expression elsewhere. At dome stage and 30% epiboly,
expression becomes restricted to the E-YSL ring on the embryo margin, with few
marginal blastomeres also expressing the gene. After that, expression of mxtx2 is not

maintained throughout epiboly, with no expression in 75% epiboly embryos (8hpf)

(Fig. 4.1.)
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Fig. 4.1. Expression of mxtx2 in wild-type embryos across early development stages.

A panel of light microscope images showing representative embryos stained using WISH for mxtx2
mRNA at indicated stages. Embryos presented in lateral view, except 256- and 1k-cell stages, where
embryos imaged in side-view, animal pole facing to the left.

To characterise the role of mxtx2 in ZGA, it would be a necessary step to ensure that
its expression is reliably disrupted. While the generation of efficient guide RNAs for
use in CRISPR-Cas9 was helpful, the unspecific phenotype caused by Cas13d posed a
big issue. As one of the objectives was to produce descriptive information about
mxtx2 without the use of contested morpholinos, Cas13d would have posed a perfect
independent method of producing mxtx2 knockdowns, and a fairly equivalent tool to

MO-dependent RNA interference.
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Without it, there was a need for a more penetrant method of gene disruption. That
was because perhaps the best method of generating exploratory datasets that could
inform us of the early function of mxtx2 would be by transcriptomic analysis (e.g.
RNAseq). In order for the next-generation sequencing to produce reliable and, most
importantly, significant data, differences between treatment datasets should be
maximised (Conesa et al., 2016). Induction of mosaic mutations may have shown a
remarkable depletion of mxtx2 mRNA by WISH, but gPCR quantification shown a
more moderate depletion. Sequencing RNA from a mosaic mutant would thus have
limited power in answering the posed biological questions, mainly if mxtx2 affects
expression of ZGA genes, and if so, what its targets are.

Therefore, | aimed to use the existing gRNA tool that | have obtained to generate
mxtx2 null mutant fish. A standard approach would utilise the FO mosaic fish grown
to adulthood, and screening their offspring embryos for germline transmission of the
mutation. If that is the case, FO founder fish (those showing germline transmission of
the mutant) would be outcrossed with wild-type fish to generate F1 heterozygotes.
F1 heterozygous adults, when in-crossed, should produce F2 offspring with
Mendelian proportion of mutation inheritance, with 25% of embryos having a
biallelic mutation in the gene of interest (Li et al., 2016).

However, it was unlikely for this standard approach to be effective. Screening for FO
founders can be done in two major ways — either by genotyping, or by phenotyping
the embryos (Kosuta et al., 2018; Li et al., 2016). Phenotyping raised concerns due to
the already severe embryonic phenotype of mxtx2 morphants, which raised the
guestion if mxtx2 mutations could be embryonic lethal, making it unable to raise

mutant embryos to adulthood. Mutations in upstream Nanog showed viability and
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fertility in heterozygotes, suggesting that similar case could be made for mxtx2. F1
embryos could be genotyped by PCR amplification of the mutated site, however this
process would require multiple days of isolation of crossed FO pairs (to ensure that
germline-transmission-positive ones can be isolated from negative). This strategy
was made impossible by severe restrictions of occupancy and access at the animal
facilities, imposed due to the COVID-19 pandemic.

Therefore, a different strategy of knockout generation would have to be employed.

4.1.1 Knock-in-knockout methods

One perfect possibility was by using a reporter knock-in that would disrupt the mxtx2
gene. That would greatly reduce the time required for embryo screening, as a
fluorescent reporter could be injected, allowing easy selection of both F1 and F2
embryos containing the mutation.

Precise insertions of exogenous sequences into cleavage sites produced by site-
specific nucleases (knock-ins) have been commonly used in multiple model
organisms and utilised for multiple purposes, including gain-of-function mutations
and so-called “knock-in knockouts” of genes (Hoshijima et al., 2016; Li et al., 2019;
Peng et al., 2014; Prykhozhij and Berman, 2018; Ranawakage et al., 2021). Knock-ins
are based on the principle of utilising homology-directed repair (HDR) of DNA at the
site of induced double strand break, by providing a repair template that contains
homology arms flanking the site targeted by the nuclease. The insertion can be a
short DNA fragment or a whole gene, with sequences coding for fluorescent proteins
frequently utilised as inserts, as they offer a quick and visible readout of efficient
insertion.
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One of such methods that have been established in zebrafish is GeneWeld (Wierson
et al., 2020), which has been selected here due to its reported efficiency,
establishment in zebrafish embryos, readily available reagents, and relative ease of
use. Contrary to typical knock-in approaches, GeneWeld is based on the
microhomology-mediated end-joining (MMEJ) pathway of DNA repair, which
requires much shorter homology arms provided by a repair template. That
significantly reduces the complexity of generating the insertion vector. The system
contains several components (Fig. 4.2). Cas9 nuclease and guide RNA targeting the
gene of interest need to be provided.

Additionally, embryos need to be injected with an insert donor plasmid that has been
modified to contain short (24-48bp) homology arms flanking the site targeted by the
guide RNA, as well as a cassette containing in order: a 2A peptide, the “Cargo” or the
sequence to be inserted, and a poly-A signal. The cassette and homology arms are
flanked by the target sites to the Universal guide RNA (UgRNA), a highly efficient
guide RNA with no predicted target sites present in the zebrafish, pig or human
genomes. UgRNA utilises Cas9 to release the insert construct, which then can be
integrated to the gene of interest with aid of the short homology arms.

The group reported up to 70% of FO embryos that were injected with the system
components contained cells positive for the insertion, and high probabilities of
germline transmission. Additionally, a software package aiding the design of
homology arms to ensure in-frame insertions (gTagHD, (Wierson et al., 2020)), as
well as a range of easy-to-use vectors with a choice of reporter genes was provided.
Therefore, it was decided that this method will be used as means of generating a

mxtx2 null mutant, by insertion of a EGFP cassette into the site targeted by the
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verified guide RNA. Upon insertion, only a short truncated fragment of mxtx2 could
be produced that would be unlikely to be functional due to guideRNA targeting to
the functional domain. Poly-A signal located towards the 3’-end of the sequence
would prevent transcription past the insertion site. The truncated mxtx2 fragment
which would be followed by a 2A-peptide and the fluorescent EGFP reporter, leading
to both being translated separately, and EGFP expression would be solely dependent
on the activity of mxtx2 promoter, as no promoter sequence is present in the insert

cassette.

1 - Designer nuclease mRNA

Cap [oJAVAVAVAVAN

2 — Genomic sgRNA

|

3 — Universal sgRNA

Y
U] coreo oA 0]
AN =S

4 — pGTag Donor

3 — Universal sgRNA

Fig. 4.2 GeneWeld knock-in reagent components.

(1) A designer nuclease, namely a TALEN or Cas9, can be provided as mRNA (showed) and also as a
protein. (2) Genomic sgRNA — a guide RNA targeting the nuclease to a sequence in the gene of
interest, marked with red arrowheads on the schematic gene sequence. (3) Universal sgRNA
(UgRNA) target sites (red arrowheads) on the insert donor vector (4). The insert donor vector
contains sequences flanking the insertion cassette, with short homology arms to the gene target
(green and blue). Image adapted from (Wierson et al., 2020).

4.1.2 Aims of this chapter
Having successfully generated reliable mosaic knockout of mxtx2 in FO embryos using
Cas9 targeted to the mxtx2 functional domain, | was able to start asking questions

about the role and function of mxtx2 in the zebrafish development.
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In this chapter, | aimed to characterise the observed phenotype of the mxtx2 mosaic
mutant, as well as use the Cas9 targeting in combination with the GeneWeld knock-
in method described above to generate a stable line of mxtx2 EGFP-knock-in mutant,
which would be used in further studies, establishing a phenotype of a full mxtx2
knockout (and not morphant), as well as aiding further characterisation of the mxtx2
function in ZGA through use of transcriptomic approaches (RNAseq), use of which
would not be feasible without a complete knockout of the gene. Failure to generate
an mxtx2 mutant line would significantly hinder the application and impact of the
research so far, and make it impossible to answer the biological question of the role

of mxtx2 in ZGA.
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4.2 Results

4.2.1 Mxtx2 mosaic knockout leads to epiboly defects

Initially, |1 have set out to characterise the mosaic knockout mutant of mxtx2.
Embryos targeted by the Cas9 and gRNAs targeting the homeodomain have shown a
reduction in expression, as well as developmental delays and embryo lethality, but it
was still uncertain if this is due to the epiboly failure phenotype previously described
in mxtx2 morphants (Wilkins et al., 2008; Xu et al., 2012), or a different event. For
that, | observed embryos at 9 hours post fertilisation. Targeting the mxtx2 promoter
by Cas9 caused developmental defects in embryos, and a significant proportion of
embryos showed a yolk burst phenotype (Fig. 4.3 A-B). 49/282 (17.4%) of all scored
embryos that were injected with Cas9 and the CS4 gRNA targeting the functional
domain of mxtx2 showed this terminal epiboly defect. In addition, many of the
embryos observed at Shpf were not bursting, but were observed showing a
phenotype termed as “moderate epiboly defects” (33.0% - 93/282 scored embryos).
These embryos show an irregular structure of blastoderm and furrowing of the
embryo surface, they fail to progress in epiboly with the YSL and margin still
positioned at approximately 30% of the yolk sphere, and show very abnormal
structure of the animal cap. Thanks to the transparency of the embryo, it can be seen
that deep cells appear to have migrated into the space beneath the epiblast,
indicating either a defect with yolk doming or that the lack of migration of YSL and
blastoderm margin leads to an abnormal pattern of deep cell migration in embryos

(Fig. 4.3 A).
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Fig. 4.3 Developmental defects and yolk burst phenotype in mxtx2 mosaic mutant embryos.

(A) Brightfield microscopy images showing representative embryos displaying phenotypes of (left to

right): normal development (in control go/ mosaic mutants and mxtx2 mosaic mutants), moderate

epiboly development, severe epiboly development and yolk burst. Numbers in the bottom right
indicate the proportion of each phenotype as part of all embryos scored, for each treatment group.
(B) Bar chart showing the percentages of each phenotype scored at 9hpf as fraction of all scored

embryos for each of the treatment groups — embryos injected at one cell stage with Cas9 and the
indicated gRNAs. gol n=209; mxtx2 CS2 n=220; mxtx2 CS4 n=242. (C) Percentages of survival of each
of the treatment groups scored for phenotypes in B, with survival measured at 9hpf, 24hpf and 48hpf.

Data presented as mean of 3 biological replicates + standard deviation.
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Interestingly, embryos with the yolk burst phenotype the epiblast appears normal
and with less furrowing, similar to that of embryos developing normally, but with a
visible contraction of the E-YSL/margin ring.

These phenotypes can be attributed the mxtx2 targeting, as control embryos also
injected with Cas9, but targeting go/ did not exhibit the yolk burst phenotype, while
injections of a less efficient guide RNA targeting mxtx2 — CS2 gRNA — showed a
reduced penetrance of the same phenotype, with a small population of embryos
exhibiting yolk burst (Fig. 4.3B). Additionally, this gRNA showed reduced mortality
compared to the CS4 gRNA (Fig. 4.3C), giving a strong indication of correlation
between guide RNA efficiency and severity of mxtx2 knockout phenotype.
Additionally, | conducted time-lapse imaging on a brightfield microscope, imaging
embryos from 3 hours post fertilisation (~1k cell stage), where no indication of a
phenotype is present, over the epiboly period up to 14 hpf. Movie S6 (Appendix)
shows normal development of embryos injected at 1-cell stage with Cas9 targeting
gol from 1k cell stage to the bud stage, with no visible defects in epiboly or
development. Movie S7 (Appendix) shows the development of embryos injected with
Cas9 targeted to mxtx2 by CS4 gRNA in the analogical period. It shows that mxtx2
mosaic mutants exhibit a developmental delay, only initiating epiboly and reaching
dome stage around 6.5hpf (compared to 5hpf in control embryos). The time-lapse
also shows that the “moderate epiboly defects” phenotype, earlier seen in Shpf
embryos, later resulted in embryonic lethality by yolk burst. Interestingly, all of the
mxtx2 mosaic mutant embryos (15/15), even ones appearing normal at Shpf,
exhibited the yolk burst phenotype and died between 9hpf and 14hpf. It can be an

indication that embryonic lethality is induced in embryos with varying degrees of
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mxtx2 mosaicism, with loss of expression in a small subset of cells leading to the
phenotype developing. This can be compared to 0/15 embryos dying in the control
gol mosaic mutant group.

In order to verify whether in addition to phenocopying the mxtx2 morphant, mosaic
mutants are also able to show an effect on Nodal signalling, | have conducted a gPCR
experiment assessing the expression of ndr2, the zygotically expressed Nodal
effector in zebrafish, in 30% epiboly embryos (Fig.4.4). mxtx2 mosaic mutants
induced by gRNAs CS2 (moderate penetrance) and CS4 (high penetrance) showed a
large decrease in ndr2 expression, with up to 70% loss of expression compared to
gol-targeting controls. ndrl would be an interesting additional target to investigate
changes of expression in response to mxtx2 mosaic knockout, however due to time
constraints | made a decision to omit it, as it was unlikely that Mxtx2 would have a
vast impact on expression of a maternally-provided factor, and maternal contribution
of ndrl could increase noise and require additional controls in the gPCR experiment.
Additionally, | have tested whether mxtx2 mosaic mutants can influence expression
of other early wave genes, choosing a zinc-finger transcription factor kIf17, a
zebrafish orthologue of mammalian KLF4 stem cell pluripotency factor. KIf17 has
been shown to be expressed as early as 512 cell stage, and plays a role in primitive
erythropoiesis and development of an embryo hatching gland (Hadzhiev et al., 2021;
Suzuki et al., 2019). However, mxtx2 mosaic mutations have shown no effect on klf17
expression as visualised by WISH (Fig. 4.5). kIf17 expression was not likely to be
affected by knockout of mxtx2, and was used here to confirm whether any effect that
mxtx2 mosaic mutation had on transcription was global, rather than specific to Mxtx2

targets. Ideally, gPCR and WISH assays for both ndr2 and klf17 would be completed,
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however time constraints of the project made it impossible to do so. | have decided

that ndr2
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Fig. 4.4 Assessment of ndr2 expression in mxtx2 mosaic mutants by qPCR.

A bar chart showing relative abundance of ndr2 mRNA as measured using gPCR in the indicated
treatment groups at 30% epiboly stage. ndr2 expression was normalised to that of the eeflala
housekeeping gene, and it is presented relative to the expression in the control embryos (go/ gRNA),
hence the 1.00 relative fold change in expression. Data is presented as mean relative fold change,
1SD, from N=4 independent biological replicates. Statistical significance was tested using multiple
one-way ANOVA tests with Dunnet’s multiple comparisons test (ns p>0.05, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001).
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Fig. 4.5 Assessment of kif17 expression in mxtx2 mosaic mutant embryos by WISH
A panel of images showing visualised mRNA of klf17 (top) and mxtx2 (bottom) as detected by WISH
in indicated treatment groups (injected into embryos at 1-cell stage) in 30% epiboly embryos.

kif17 RNA

mxtx2 RNA

Representative embryos shown. Control - wild-type, uninjected embryos. Numbers in the top right
corner indicate the proportion of embryos with the represented phenotype as part of all assessed
embryos.

With the mxtx2 mosaic mutant confirmed to present the same phenotype as the
previously studied morphants, | have proceeded to generation of the mxtx2 null
mutant for further use in exploration of its role in ZGA, as little new information
beyond replicating and confirming the morphant effects could be discovered by
focusing on its yolk syncytial layer-dependent phenotype, interactions with Nanog

and Nodal signalling.
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4.2.2 GeneWeld knock-in knockout approach

As described above, the GeneWeld method is an interesting tool for generating
targeted gene knock-ins, and one that offers a simple and efficient protocol for an in-
frame insertion of fluorescent reporters into the gene of interest. Additionally, a
protocol for its use in zebrafish has been established by (Wierson et al., 2020),
therefore the method was simple to replicate.

Firstly, | selected the site on the mxtx2 gene to which | would target the insertion.
This was chosen to be the CS4 gRNA target site, as it not only offered the highest
efficiency in the Cas9 complex, but also targeted the mxtx2 homeodomain, ensuring
that the insertion of the fluorescent reporter into the site would guarantee a
functional disruption and loss of function. Following that, | followed the established
protocol (Welker et al., 2021; Wierson et al., 2020) and used the associated gTagHD
software to design oligos containing the 48bp homology sites to the mxtx2 gene
flanking the CS4 gRNA cutting site (Fig. 4.6 B). The associated software designs the
48bp homology sequences with additional base pairs allowing in-frame insertion at
the target site, and adds overhangs specific to the specified insertion vector, to allow
for easy ligation at specified restriction enzyme cutting sites where homology arms
are inserted. | have selected a vector containing an insertion cassette with EGFP
(PGTAG-EGFP-CAAX-SV40 — Fig. S8A), as the aim was to generate a null mutant with
an easily distinguishable knock-in reporter. Fig 4.6A shows a simplified diagram of

the GeneWeld approach, and the structure of the insertion plasmid and cassette.

163



12129236274 . 29237615
29237k,

Transcript
mxctx2-201

ll\ mxtx2 gRNA
target

48bp | | | 48bp

PGTAG-eGFP-CAAX-SV40
+ mxtx2 homology arms

N

UgRNA target UgRNA target

Mxtx2 CS4 gRNA

57 - CTCAAGATGGAAACTCACAGGCCAGTAAGATTGCAGGCCGCAGGAAGAGAACCAGCTTCACCAAAGAACACTTGGAACTTCTCAAAATGGCTTTTAATGTGGACCCTTATCCTGGCATTAGTGTCAGAGAAAGT CTATCTCAAGCCACTGGCCTGCCAGAATCACGTATTCAG-3”
3’ —GAGTTCTACCTTTGAGTGTC(GGTCATTCTAACGTCCGG(GTCCTTCTCTTGGTCGAAGTGGTTTCTTGTGAACCTTGAAGAGTTTTACCGAAAATTACACCTGGGAAT‘AGGACCGTAATCACAGTCTCTTTCAGATAGAGT[CGGTGACCGGACGGTCTTAGTGCATAAGTC— 5’

Fig. 4.6 A schematic diagram depicting the strategy of GeneWeld knock-in into the mxtx2 gene

at the cutting site of the CS4 gRNA (red arrow). A simplified schematic of the plasmid and its insertion
cassette (containing 2A peptide, coding sequence of EGFP gene, SV40 poly-A signal) and the 5’ and 3’
48 bp homology sequences, marked with blue and green respectively. Red arrows point to the UgRNA
target sequences, positioned to immediately flank the inserted homology arms. (B) fragment of the
mxtx2 DNA sequence with marked CS4 gRNA cut site (in red) and highlighted 5’ and 3’ homology
sequences.

Previously designed 48 bp homology arm oligos for the 5’ and 3’ flanking sequence
of mxtx2 CS4 gRNA cutting site were PCR annealed to produce dsDNA fragments that
could be cloned into the pGTAG plasmid. 2 rounds of restriction digest, ligation using
T4 ligase, transformation into competent bacteria, colony plating, growth of plasmid-
containing bacterial culture and MidiPrep plasmid isolation were done, one for each
homology arm. PCR amplification and Sanger sequencing was used to confirm the
presence of homology arms in the vector. All of those steps were conducted in
accordance with the protocol established by (Welker et al., 2021). The resulting
plasmid (Fig.S8 B) (further referred to as GeneWeld insert plasmid) contained the
insert EGFP cassette, flanked with 48bp mxtx2 homology arms, flanked with UgRNA

target sites that will be used by Cas9 nuclease (alongside the Universal guide RNA) to

release the insertion cassette. Injection of all of those components — Cas9, mxtx2
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CS4 gRNA, UgRNA and the GeneWeld insert plasmid — was required for Cas9-

mediated knock-in.

4.2.3 EGFP knock-in into the mxtx2 locus in FO embryos using GeneWeld

Embryos were injected at the 1 cell stage with injection mixes containing the
GeneWeld components. With the primary objective of establishing a mutant line, FO
embryos needed to be verified for mosaic incorporation of the insert. Two Cas9
nucleases were used —first was S. pyogenes EnGen Cas9-NLS protein which was used
in all previous Cas9 experiments. Second was mRNA of S. pyogenes Cas9 fused with
a 3’ UTR of the nanos gene (Cas9-nos mMRNA), expression plasmid for which (pCS2-
nCas9n-nanos 3’UTR) was kindly donated by Dr Andreas Zaucker. A 3’'UTR nanos
sequence contains a primordial germ cell localisation signal that would direct the
MRNA to the cells with germ cell fate to increase local translation, therefore
increasing the probability of knock-in mutation occurring in those cells, therefore
increasing the probability of germ-line transmission of mutations from FO fish to their
F1 offspring. This method of localising the Cas9-mediated mutations to the germ line
has been previously reported in zebrafish by (Moreno-Mateos et al., 2015). | decided

III

to attempt to use this strategy alongside the “classical” Cas9 protein, as the increased
probability of the knock-in occurring in germline could potentially save time and
labour in screening of F1 embryos in search for FO founder fish.

Embryos were injected at 1-cell stage with the components for knock-in strategy
(Cas9 protein or Cas9-nos mRNA, GeneWeld insert plasmid with mxtx2 homology
arms, UgRNA and mxtx2 CS4 gRNA) and observed in early development for GFP

fluorescence, which would indicate successful incorporation of the insert cassette
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into the genome and its expression. In the unlikely event of an off-target
incorporation, it would be unlikely that EGFP would be expressed, as the insertion
cassette did not contain any promoter that would allow its transcription.

Fig. 4.7 shows the result of those observations in FO embryos. Approximately 14% of

III

embryos injected with Cas9 protein and the GeneWeld “cocktail” showed some kind
of mosaic GFP expression (Fig.4.7 A,B,D), but only in approximately 1.2% of Cas9-
nanos mMRNA injected embryos (Fig.4.7 D). Controls, including injection of Cas9 with
only gRNAs or with only the GeneWeld insert plasmid, showed no EGFP expression,
indicating that GFP signal came from the incorporated knock-in, and not
autofluorescence or the random incorporation of the plasmid. The presence of EGFP
mMRNA in embryos was confirmed by WISH at 30% epiboly (Fig.4.7 C). However, in
Fig.4.7A it can be seen that the embryo showing the EGFP signal appears to be
developmentally delayed and shows similar furrowing of the animal cap as mxtx2
mosaic mutants. This was of course expected, as mxtx2 was targeted, however could
raise question about survival of mxtx2 mosaic knock-in mutant embryos.

Nevertheless, 100 of the FO embryos injected with Cas9 protein and the GeneWeld

knock-in “cocktail” were grown to adulthood in order to screen them for germline

transmission of the EGFP knock-in into mxtx2, with 54 fish surviving.
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Fig. 4.7 GeneWeld knock-in of EGFP into mxtx2 gene using Cas9 and Cas9-nanos

(figure on previous page)

(A-B) A panel of brightfield (top) and green fluorescence (bottom) light microscopy images showing
representative embryos of groups injected with the GeneWeld knock-in components targeted to
mxtx2 or indicated controls. Cas9-nos mRNA-mediated targeting was controlled by using a gRNA
targeting another genomic site (gol), replacing the mxtx2 gRNA.

(C) A panel of images showing the visualisation of EGFP mRNA by WISH at 30% epiboly in indicated
groups, with representative embryos shown alongside the proportion of embryos with that mRNA
staining pattern from all assessed embryos.

(D) A bar chart showing the percentage of embryos with GFP expression (GFP positive) and without
(GFP negative) from all assessed FO embryos in groups presented in (A).
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4.2.4 No germline transmission of mxtx2 EGFP knock-in mutation in F1 embryos

These 54 adult FO fish were crossed and their offspring, F1 embryos were screened
for presence of GFP fluorescence in early development (as EGFP expression would
be driven by mxtx2 promoter, and therefore would coincide with its expression).
Adult FO fish were each crossed at least two times to ensure that pairs producing
little of no offspring in one round of screening, could lay fertilised embryos with
another partner. 5677 embryos from 53 crossings were screened, with 0 GFP
positive embryos. No FO founder fish were identified (Fig 4.8, Table S9). The knock-
in mutation was either not present in the germline of these fish and not transmitted
to the offspring, or not present at all. With no FO founder adults showing germline
transmission of EGFP integration into the mxtx2 gene, F1 generation heterozygotes
could not be grown, and a transgenic line could not be established. In-cross of F1
heterozygotes would have yielded 25% of embryos homozygous for the EGFP
integration disrupting the mxtx2 locus, effectively being mxtx27- zebrafish. As it was
unknown whether null mutation of mxtx2 would be embryonic lethal in early
development, those embryos could have been studied in transient, as most of the
further scientific enquiries were for the function of mxtx2 in the earliest transcription
events in the embryo, and would not require the embryos surviving past epiboly.

However, the mutant line was not established.
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Fig. 4.8. Screening of F1 embryos, offspring of FO mxtx2-EGFP knock-in mutant zebrafish.
Embryos were assessed for presence of GFP positive cells at multiple stages of development
between sphere and 50% epiboly stages. Bar chart indicates the total number of embryos assessed
(N=5677), and the number of GFP positive embryos found in the screening (0/5677).
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4.3 Discussion

In this chapter, | have shown that a mosaic knockout of mxtx2 phenocopies the
developmental phenotypes observed in morpholino oligonucleotide knockdown of
the gene (Bruce et al., 2005; Hong et al., 2011; Wilkins et al., 2008; Xu et al., 2012).
mxtx2 mosaic knockout is sufficient to cause a penetrant yolk burst phenotype in
embryos, with arrested epiboly and defects in deep cell migration towards the
epiblast preceding the contraction of the YSL/blastoderm margin around the yolk,
bursting it and subsequently causing embryo lysis. Additionally, high degree of
embryonic lethality of the mxtx2 mosaic mutant during the first 24 hours post
fertilisation can be attributed to the penetrance of the yolk burst phenotype with
embryos dying in developmental stages corresponding to late epiboly or early
somitogenesis (9-13 hpf), as shown by time-lapse imaging. Time-lapse imaging also
illustrated the process causing the yolk burst phenotype, with heavily pronounced
failure of migration of E-YSL and the marginal blastoderm across the surface of the
yolk, while migration of deep cells towards the epiblast appears to occur normally,
causing a severe disruption to the structure of the embryo. The stalling appears to
begin around 30%-50% epiboly stage, with embryos not showing visible dorsal
structures beyond slight asymmetry of deep cell migration. This observation differs
from the morphant phenotype that showed the mxtx2-deficient embryos having
stalled epiboly at shield stage (Bruce et al., 2005). Towards the presumed end of
epiboly (in temporal terms), a contractile force appears to exert a force on the yolk
cell around the equator position, localised to the approximate position of E-YSL and

marginal blastoderm. Yolk cell is “squeezed” by the contractile ring before violently
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exploding, killing the embryo and causing necrosis of remaining blastoderm cells. This
is analogical to the previously reported phenotype (Bruce et al., 2005; Wilkins et al.,
2008). Mosaic mutants of mxtx2 were also shown to have a greatly reduced
expression of ndr2 gene, further confirming the previously observed morphant
phenotype and the current understanding of mxtx2 driving expression of Nodal
effectors in zebrafish (Hong et al., 2011).

While these results did not culminate in new findings, they still can serve the
zebrafish community, with an independent method of gene disruption confirming
the phenotypes found in embryos where mxtx2 expression was targeted and
disrupted by antisense morpholino oligonucleotide. With the increasing scrutiny on
phenotypes presented by MO knockdown methods, and indications that targeted
gene mutations do not correlate with previously described MO-induced phenotypes
(Gerety and Wilkinson, 2011; Kok et al., 2015; Moreno et al., 2018; Stainier et al.,
2017), it is an important task to systematically establish if the gene function derived
from MO-induced phenotype correlates with the gene mutation. Replicability of
scientific results using independent methods often sees little enthusiasm due to
limited novelty, yet it remains an important part of the scientific method.

The major aim of providing a further characterisation of mxtx2 function in the
context of zygotic genome activation was not achieved. While the mosaic mutation
of this gene has shown high penetrance and a moderate reduction in expression, it
would be a challenging tool when used in global transcriptomic analysis. Thus, an
objective was set out to develop a knock-in mutation, in which an inserted cassette
would disrupt the mxtx2 locus, leading to expression of a truncated, functionally

inactive mxtx2 alongside a fluorescent reporter which would provide a visual output

172



of knock-in integration into the genome and allow easy selection of embryos positive
for the knock-in mutation (Wierson et al., 2020). | have been able to generate a
targeted integration of a reporter insert in the mxtx2 locus using the short homology
arms-mediated method, with a moderate efficiency shown by imaging of the
fluorescent reporter in FO generation embryos. However, screening of the offspring
of FO zebrafish showed that this integration failed to be transmitted in the germline,
causing the attempt of generating a stable transgenic line Tg(mxtx2-2A-EGFP) to be
unsuccessful.

This was probably facilitated by the mortality induced by the mxtx2 disruption. FO
embryos were screened for presence of GFP signal during epiboly, as the expression
of the fluorescent reporter is only driven from expression of mxtx2, and mxtx2 is not
expressed post epiboly. Embryos positive for the GFP signal at that point showed
developmental disruption associated with the mxtx2 phenotype, and it is not
impossible that FO embryos with a stronger mosaic incorporation of the insert did
not survive to adulthood, while surviving fish had only minor mosaic integration,
disrupting mxtx2 in a very limited number of cells and reducing the probability of
germline transmission. This was initially addressed by an attempt to target the
integration to the germ line using a Cas9-nanos3’UTR fusion, however efficiency of
insert integration using that nuclease was too low.

With the observations of the phenotype of the mosaic mutation in mxtx2, | can
speculate that further attempts at generation of an mxtx2 mutant line could
conclude with a similar outcome. Embryonic lethality of this mutation is very
penetrant, and alternative methods of establishment of a transgenic line should be

considered. Use of inducible Cas9 systems could be considered (Sun et al., 2019),
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however it would have to be combined with strict localisation of Cas9 to the
germline, as induction of mutation in a gastrulation embryo (this way it would avoid
the epiboly phenotype) would result in a very small subset of cells showing the insert
integration. Alternatively, the Cas9-nanos targeting of editing events to germ cells
could be repeated, with the caveat of germ cells not expressing mxtx2, making pre-
screening of FO embryos for reporter integration near impossible.

The mosaic mutation of mxtx2 established in this thesis can be used for further
studies on the function of the gene with improvements in Cas9-mediated targeting
efficiency, with alternatives being knockdown methods such as antisense MO or, if
proven to not cause non-specific phenotypes, an alternative Cas13 nuclease.

These could be of use in further exploration of the role of mxtx2 in activating
transcription, and could help elucidate its role (if any) in ZGA. This could be achieved
by a transcriptomic analysis: RNA sequencing of mxtx2-depleted embryos across
several developmental stages, ranging from 512 cell stage (for early wave ZGA),
through 1k-cell and oblong stages (for major wave ZGA) to dome stage (for epiboly-
specific transcription). This could help establish a global profile of transcription
mediated by this transcription factor, as well as identify its temporal profiles during
early embryonic development. With the data collected in multiple stages and with
an appropriate non-targeting control, differential gene expression analysis could be
performed to identify candidate gene targets of Mxtx2 at multiple stages, including
during ZGA. This data would provide a global, unbiased view of the Mxtx2 activity,
potentially shedding further light on its role in early transcriptional activation, as well
as the relationship with members of the Nodal signalling pathway and its role in YSL

specification. The latter would be a particularly interesting development, as YSL is
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the first lineage-restricted structure in the embryo, with cells forming the yolk
syncytial nuclei acquiring the first specific cell fate in the zebrafish embryo(Carvalho
and Heisenberg, 2010; Chu et al., 2012; Kimmel et al., 1995).

Alternatively, a panel of candidate Mxtx2 targets, including early wave and main
wave ZGA genes could be assessed by qPCR, however this approach would offer
limited new information about mxtx2 function at those stages, and would be heavily
biased by the selection of candidate genes.

Depending on the outcomes of the above, ChiP-seq analysis could be repeated(Xu et
al., 2012) in mxtx2-depleted embryos at appropriate early stages of development to
complement the transcriptomic analysis, revealing the pattern of binding of Mxtx2
on the genome and further confirming if the genes identified by RNAseq are direct
targets of the Mxtx2 transcription factor.

All in all, further analysis of the mxtx2 function would be possible with additional
time and some improvements to the efficiency of gene disruption techniques used.
Further data, generated through next-generation sequencing approaches such as
RNAseq, as well as ChIP-seq analysis could allow us to characterise the role of this
key transcription regulator in early embryonic development, discern its role in
transcription activation beyond it being a direct downstream target of Nanog
(Gagnonetal., 2018; Xu et al., 2012), and further elucidate the mechanisms by which

the global reprogramming event of zygotic genome activation is achieved.
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Chapter 5: Zebrafish Yolk Syncytial Layer

Undergoes a Delayed Zygotic Genome Activation

Preamble

Results presented in this chapter are part of a study conducted in collaboration with
Haseeb Qureshi. Results presented in this chapter are going to be a part of a
manuscript co-first-authored by myself and Haseeb Qureshi, currently in preparation.
In this chapter, my main role was in experimental design, zebrafish embryo handling,
all laboratory work and data generation. Data analysis was conducted primarily by

Haseeb Qureshi, with several exceptions.
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5.1 Introduction

5.1.1 YSL formation in zebrafish embryo

Exploration of the role of mxtx2 has brought our attention to the remarkable
structure of yolk syncytial layer. Mxtx2 was shown to be heavily involved in YSL
formation and directing epiboly, activating transcription of over 40% of all identified
genes with a YSL-specific expression profile (Xu et al., 2012). However, understanding
of mechanisms leading to formation of this syncytial layer in the embryo is still
elusive, with only limited descriptive studies exploring this process (Chu et al., 2012).
An overview of yolk syncytial layer function has been introduced in Chapter 1, and
here | will present a brief summary of the events leading to its formation.

During the cleavage stages of the early blastula, cells of the zebrafish embryo divide
without growth while sitting on top of the vegetally positioned yolk cell, eventually
forming multiple layers of blastomeres. Interestingly, in the layer positioned directly
above the yolk cell (vegetal-most) some cells positioned at the margins of the embryo
(marginal blastomeres) - have been found to maintain an interface with the yolk cell
through the presence of so-called cytoplasmic bridges, allowing passage of materials
and nutrients from yolk to the cells (Kimmel and Law, 1985a; b). After 9 rounds of
division (at 512 cell stage) of the zebrafish embryo, these marginal blastomeres
collapse into the yolk, depositing its nuclei and cytoplasm into the yolk, giving rise to
a non-yolky layer of a multinuclear syncytium - the YSL (Fig. 5.1). Individual nuclei of
the YSL are referred to as yolk syncytial nuclei (or YSNs) (Carvalho and Heisenberg,
2010; Kimmel and Law, 1985a; b). First, the nuclei form a single row along the

blastoderm/yolk margin, before undergoing 3 rounds of metasynchronous divisions,
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after which YSNs become post-mitotic (Carvalho and Heisenberg, 2010; Kane and

Kimmel, 1993; Trinkaus, 1993).

C

Fig. 5.1 Yolk syncytial layer formation by margin cell collapse into the yolk.

Embryos of the mGFP (plasma membrane-targeted GFP) transgenic line were visualised in time-lapse
imaging, images adapted from (Chu et al., 2012) (A) Before 512 cell stage, cells of the blastoderm
margin show the same blastoderm morphology as the other blastomeres, with cell membranes
separating them from each other (arrow). (B) At 512 cell stage, all blastomeres divide, with marginal
blastoderm cells performing incomplete cytokinesis with the cell membranes separating marginal
blastomeres regressing (red arrowhead), resulting in (C) their cytoplasm fusing with the animal part
of the yolk without any cell membranes between them - forming a syncytium (YSL), separated from
the blastoderm with a cell membrane.

This characteristic has been very intriguing and led us to raise several questions. Why
are the YSNs divisions synchronous at a time when all of their cousin cells -
blastomeres -increase their cell cycle length and lose synchrony? What is the
mechanism causing this difference? Are YSL and blastoderm regulated by different
transcriptional programmes?

The latter question was supported by the fact that the yolk syncytial layer becomes
the first restricted lineage in the embryo with a fate of cells seemingly established
before zygotic genome activation even takes place. This raised a hypothesis that yolk

syncytial nuclei and their cousin blastomeres could have a differential transcription

regulation.
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Initial observations of the published in vivo imaging datasets of zebrafish embryo
development (Keller, 2013) have indicated that in addition to synchrony in YSL
embryos, the timing of cell divisions appears shorter than that of blastomeres.
However, that was an observation of a single imaged embryo, and could be an
artifact.

Nevertheless, this has supported our interest in the subject, as our previous study
indicated that in pre-ZGA embryos, appearance of the previously described miR-430
transcription foci (indicative of zygotic transcription) is coordinated with the length
of the cell cycle, with S-phase being permissive to transcription (Hadzhiev et al.,
2019). This culminates at MBT (1k cell stage), when blastomere cell cycles become
significantly longer and lose their metasynchrony, and zygotic genome activation
takes place. However, is this mechanism different in YSL due to their maintaining of
synchrony?

Dynamics of transcription in the pre-ZGA zebrafish embryos has been studied, but
mostly focused on individual cells of blastoderm, without distinguishing between cell
populations (Hadzhiev et al., 2019; Hilbert et al., 2021; Kuznetsova et al., 2022).
During late cleavage stages transcription in embryos is concentrated to 2
transcription bodies. These have been characterised by active transcription and
concentration of miR-430, as well as specific localisation of both initiating and
elongating RNA polymerase Il to those transcription bodies.

No studies to date have attempted to characterise transcription and genome
activation specifically in the newly formed YSL, and very limited information is
available about cell cycle dynamics in YSL, apart from the observation of

metasynchrony.
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5.1.2 Aims of this chapter

With a readily available method of measuring cell cycle lengths and visualising
transcription bodies present in pre-ZGA blastomeres (Hadzhiev et al., 2019), we
could investigate whether both cell cycle and transcriptional patterns differ between
YSL and blastomeres during zygotic genome activation.

In this study, we aim to elucidate why such a distinct pattern of synchronous cell
cycles is exhibited by yolk syncytial nuclei after the 1000-cell stage, and whether that
can be linked to differences in transcriptional patterns as compared to blastoderm
cells. We use newly developed software to track nuclei and transcription foci in both
time and space, with use of 4-dimensional lightsheet microscopy. With that, we
aimed to answer these specific questions:

How are cell cycles in YSL nuclei different to those of blastomeres?

How do the detectable global features of transcription compare between YSL nuclei
and blastomeres? Can predicted differences in transcription dynamics between yolk

syncytial nuclei and blastomeres be quantitated?
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5.2 YSL Nuclei Have a Separate Pattern of Divisions to Rest of
the Embryo

5.2.1 YSN divisions appear coordinated, unlike blastoderm

Initially we set out to confirm whether we can observe the unique cell cycle dynamics
using our methods of visualisation. To do that, embryos were injected at 1-cell stage
with a fluorescent histone protein mRuby:H2B, to stain chromatin in individual nuclei
in the embryo. Embryos were imaged live in 3 dimensions using Light Sheet
Fluorescent Microscopy (LSFM) between 64-cell stage and dome stage. As YSL
formation occurs at the blastoderm margin, it is easy to distinguish YSNs from the
rest of the blastoderm due to its anatomical position. Obtained imaging was later
processed and individual nuclei were manually tracked and mitotic events (indicated
by the change in nuclear staining appearance during anaphase) were annotated. Our
results confirmed that divisions of YSNs are temporally metasynchronous after the
1k-cell stage (Fig. 5.2), with short periods during which mitoses were detected in yolk
syncytial nuclei, resembling the pattern observed in blastomeres during pre-ZGA
cleavage divisions. In comparison, mitotic events in the blastoderm after 1k-cell stage
were stochastic and did not show any temporal coordination.

We also observed that in addition to the temporal coordination of mitoses in the YSL
(metasynchrony), YSNs divide in a spatially coordinated “wave-like” pattern (Fig. 5.3
& Fig. 5.4., see also Movie S10).

This could suggest a presence of a particular symmetry axis or gradient defining

which nuclei divide first, however we were not able to address this issue further.
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Comparison of mitosis timings between Blastomeres

and YSL
Time (mins)
0 20 40 60 80 100 120 140 160
236 cell Asynchrony
Transition to 128 celll 512 cell |
v v \

Blastomeres

\

\YSL forms

YSL

. Mitosis events

. No detected mitosis events

Fig. 5.2 Stacked bar chart showing timings of global mitoses from a single embryo.

Red shows times within which mitoses are detected, and black shows periods when no mitoses are
detected. Distinct red periods signify transitions from one developmental stage to another until
synchrony in blastoderm is lost. Measurements are based on tracking mitoses in a LSFM imaging
dataset labelling H2B. Time as indicated is measured from the beginning of imaging with “0” during
the 64-cell stage.
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Fig. 5.3 Wave-like cell cycle dynamics of the yolk syncytial layer nuclei at the oblong stage.

LSFM 4D imaging presented in Movie S10 of fluorescently labelled nuclei (microinjected mRuby:H2B
protein) was rendered into an animation from animal pole view. YSL nuclei were detectable at the
perimeter of the blastoderm as large discs. Condensation of chromatin was used as indication of
mitotic phase of the cell cycle and indicated with red dots near the observed condensed chromatin. A
red line depicts the region of the YSL where condensed chromatin is detected. Overlaid red dots and
lines representing condensed chromatin region are separately shown in the middle panels. Lack of red
dots and line on the bottom panel indicate no chromatin condensation in YSL and suggest the finish
of mitotic wave of nuclear divisions. On the right, time (minutes) from the start of imaging (64-cell-
stage) is shown. Imaging was carried out at 55 seconds/ frame rate. Note, that only nuclei of the right
hand side of embryo disc are illuminated sufficiently to detect their chromatin state.
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Fig. 5.4. Mitotic events in the YSL show a temporal coordination in a “wave-like” pattern across the
embryo.

Embryos were injected at 1-cell stage with mRuby:H2B histone and imaged in a live time-lapse using
LSFM with 55 seconds per frame. Individual frames of the time-lapse were manually annotated.
Presence of mitotic events was marked in YSL embryos between high and oblong stages, with each
spot depicting a mitotic event and its position. A brightness gradient was used to indicate temporal
changes, with brightest spots being the earliest events, and darkest spots the latest.

5.2.2 YSN division cycles are shorter than the blastoderm cousin cells

Having confirmed the previously reported metasynchrony of YSNs (Kane and Kimmel,
1993; Trinkaus, 1993), we have set out to determine whether the length of cell cycles
differs between blastomeres and YSNs. mRuby:H2B chromatin staining has been
used to label nuclei, and miR-430-FITC MO was used to visualise active transcription
(transcription bodies in the embryos). Manual tracking of individual cell cycles in
blastomeres and YSNs was conducted as before, additionally presence of
transcriptional foci in the tracked nuclei was also noted and used as an indication of
the period of transcriptional activity of each cell or YSN.

Fig. 5.5 shows a frame-by-frame time-lapse of representative individual blastomere
(5.5 A) and YSL nucleus (5.5 B), with both tracked from the 1k-cell stage. Cell cycle in
the blastomere was significantly longer than in its cousin YSN, with 31 minute period

compared to 23 minutes.
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Fig. 5.5 Cell cycles in the YSL nuclei are shorter than in blastoderm cousin cells.

Time-lapse of light sheet imaging of embryos injected at 1-cell stage with mRuby:H2B histone protein
(red) and miR-430-FITC morpholino (green), labelling chromatin and highlighting the transcription foci
respectively. Embryos were imaged by LSFM with the framerate of 1min/frame. Representative
blastomere and YSL nuclei were manually tracked and cell cycle length was measured from anaphase
to anaphase. Arrowheads point to the nucleus being tracked and (during mitosis) to its sister nucleus.
Markings underneath the images correspond to periods of cell cycle assigned to nuclei, with blue
showing the post-mitotic transcription quiescence period, green representing the transcriptional
activity period, and red depicting the mitosis stages, with no transcription present. In case of YSL
nuclei, red and green was used for the anaphase due to the unexplained persistence of miR-430
transcription foci.

We have quantified the manual tracking of cell cycle lengths in multiple nuclei in the
same embryo in an analogical pattern (comparing cell cycles initiated at a similar
time, of cousin cells), and this analysis (Fig. 5.5) has confirmed that observation. Cell
cycles in YSL were shorter than those of blastomeres at 1k cell stage, during the
initiation of main wave of zygotic genome activation. However, when comparing the
duration of cell cycles between YSL and blastoderm, an unusual pattern emerged. In

simple terms, these data seem to indicate that YSL nuclei are “delayed” by one cell

cycle when compared to their blastoderm cousins. This “lag” in YSL persists across
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the first 2, out of the total of 3 metasynchronous divisions of YSNs, with both their
first and second division cycles resembling the temporally “previous” stage in
blastomeres (Fig. 5.5). This observation raises a hypothesis that YSL is
developmentally delayed compared to its cousin blastomeres but would need to be
confirmed in a larger number of embryos and across a longer developmental period.
However, the hypothesis that YSL exhibits developmental delay is aided by the
observed phenotypes in YSL being developmentally premature compared to the rest
of the embryo - synchronous and shorter cell divisions.

Interestingly, Fig. 5.5 shows a persisting, extranuclear signal coming from the
miR-430-FITC morpholino, present after the nuclei have divided and there should be
no active transcription. This phenomenon was observed in multiple imaging datasets
in both blastomeres and YSL, indicating that it is not specific to one of these groups.
It is not currently known why it occurs. One possible explanation is that the
fluorescent morpholino forms a separate aggregate that is removed from the nucleus
and persists for several minutes before dispersing. Alternatively, this could be a result
of a process of removal of miR-430 from nuclei during cell division. It could also be
speculated that this is an artifact resulting from flattening of 3D images into a 2D
plane, however this does not answer the question of miR-430 signal persisting

beyond cell divisions.

186



Length of cell cycle
50

40—

w
(=]
1

Duration (mins)

N
(=]
1

10

Blastomere 512-1k =
Blastomere 1st cycle post 1k =
YSL 1st cycle post 1k =]

YSL 2nd cycle post 1k =

2.75 hpf 3.00 hpf 3.33 hpf
MBT

Fig. 5.6 Comparison of cell cycle durations between blastomeres and YSNs.

Quantification of manual tracking of cell cycle lengths in indicated nuclei at indicated stages. Cell
cycles were tracked analogically to Fig. 5.4. (anaphase to anaphase) in n=12 nuclei of each group
within a single embryo. Measurements were done on a frame by frame basis in an imaging dataset
of 1min/frame. Data presented as a box-and-whiskers plot, with whiskers ranging from minimum to
maximum, and box denoting 75t percentile, median and 25" percentile. Individual datapoints are
presented on the graph.
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5.3 Transcriptional Dynamic of YSN Is Delayed In Comparison

to the Blastoderm

Having established that YSL nuclei appear to be “delayed”, with their cell cycle length
indicating developmentally premature dynamics, we asked whether that delay is also
present in their transcription dynamics. Due to the close relationship between cell
cycle length and transcription in blastula embryos, transcriptional dynamics in YSL
should, in theory, also be developmentally delayed. If that is the case, and
transcription profile of YSL is delayed, this could indicate that YSL are undergoing ZGA
at a different stage to the blastoderm, a previously unseen phenomenon. Therefore,
we have proceeded with characterising the transcription pattern and dynamics in YSL
and compared it to that in blastoderm. For that, 2 separate methods of visualising
transcription in embryos have been used. In the first, we injected embryos with the
fluorescent miR-430-FITC MO to mark the miR-430 transcription foci appearing in
late blastula and conducted in vivo time-lapse imaging. Using 2-photon microscopy,
we demonstrated that transcription bodies are present in both YSL nuclei and
blastoderm at 512 cell stage, with a clear distinction in anatomy between the
blastoderm cells and YSL nuclei (Fig. 5.7). During the 512-cell stage, prospective yolk
syncytial layer has already fused with the yolk, forming a clearly distinct layer with
the specific anatomy (fusion of cells into a single mass) and a different distribution of

fluorescence from both blastoderm and yolk cytoplasm.
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Fig 5.7 miR-430 transcription bodies are present in the yolk syncytial nuclei and blastoderm.

In vivo 2-photon microscopy image (single z-slice from 3D stack) of zebrafish embryo YSL (a) and
blastoderm (b) taken at 512 cell stage, showing fusion of blastomere with yolk cell (¢ ), and nuclei
already fused with the yolk syncytium (d) where transcriptional foci are present. Image taken by
Haseeb Qureshi.

The second method of visualising transcription was by immunostaining. Transcription
dynamics were visualised through this method by using an antibody against the
actively transcribing (elongating) form of RNA Polymerase Il (RNA Pol Il Ser2P), which
is specifically phosphorylated at the C-terminal domain. This way, we can ensure that
the visualisation of RNA Pol Il imaging would provide a readout for both the extent
and localisation of transcription activity in the cell. However, for immunostaining
embryos need to be fixed, therefore any imaging would only provide a snapshot of a
single timepoint of the highly dynamic process in embryos. Additionally, with the
stochasticity of cell cycles at stages after MBT, individual cells within the embryo
might not be at comparable stages of the cell cycle, for example one cell being in S-
phase and showing high levels of transcription, while its neighbour is undergoing

mitosis with no transcriptional output. This has led to development of imaging

strategy outlined in section 2.7.3, whereby multiple embryos stained for RNA Pol Il
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Ser2P are imaged, and 4 standardised and unbiased regions of interest containing
both YSL and neighbouring blastoderm are imaged per embryo. Imaging was done
using LSFM, with 3-dimensional Z-stacks taken for each defined view in multiple
embryos, with embryos stained and fixed at 3 cell stages - 512 cell (2.75hpf), 1k-cell
stage (3hpf) and oblong stage (3.5 hpf). Obtained 3D images (examples of which are
shown in Fig. 5.8) were then processed using an in-house developed (H. Qureshi)
image segmentation pipeline to extract information about the a) volume and b)
surface area of the RNA Pol Il foci in individual cells, which we used as a readout of
transcriptional activity to be compared between 2 distinct populations - YSL and
blastomeres — at each of the selected stages.

Using this imaging and image processing analysis strategy, we aimed to answer the
guestion of whether transcription dynamics in YSL differ from those in blastomeres,

and if transcription output of YSL nuclei is reduced in YSL, indicating delay.
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Fig. 5.8 3D views of the LSFM visualisation of active transcription in fixed embryos, imaging data of
which was segmented to extract volumes and surface areas of RNA Pol Il transcription foci.

From left to right, images show representative views of embryos at 512 cell stage, 1k cell stage and
oblong stage (top), with bottom panels presenting zoomed-in view of blastomere RNA Pol Il regions
(B) and YSL RNA Pol Il regions (Y). Elongating RNA Pol Il (Ser2P) is labelled in green and nuclei
(Hoechst) are labelled in blue. Screenshots of 3D views taken from Zeiss Zen Blue software.

Image analysis based purely on comparison of the RNA pol Il foci intensity or
distribution between cell populations could be misleading due to the
aforementioned stochasticity of cell cycles, as in a fixed image the dynamic process
of transcription is reduced to a snapshot. To additionally complicate the comparison,
illumination of each nucleus is not equal in the light-sheet microscopy, with the
deeper nuclei beneath the surface of the blastoderm showing increased light
scattering and therefore reduced intensity of signal - this is due to illumination light
having to pass through multiple layers of cells. YSL is positioned on the margins of
the embryo, with few layers of cells covering it.

Before moving to quantitative image analysis with segmented RNA Pol Il regions, our

imaging has revealed certain interesting characteristics of the yolk syncytial. Previous

observations by (Kimmel and Law, 1985a; b; Trinkaus, 1993)have shown that the yolk
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syncytial layer forms somewhat of a separate phase to the yolk cytoplasm layer,
which contains yolk granules. Here, thanks to the undesirable, but specific to the YSL,
noisy distribution of the unincorporated secondary antibody (AF488) signal, we show
that yolk syncytial nuclei, despite being part of a combined syncytial mass and not
possessing cell membranes, form certain niches we dubbed “exclusion zones” that
appear to be phase separated from the rest of the yolk cytoplasm (Fig. 5.9). This
discovery provides some additional information about the unique anatomy of this
structure, suggesting an alternative way to cell membranes in which syncytial units

retain spatial independence.
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Exclusion zone v cytoplasm

Fig 5.9. 2D Z-slice from 1000 cell stage embryo showing the YSL syncytium and its component nuclei.
YSL shows widespread RNA Pol Il aggregates with no sharp membrane distinctions as is seen in
blastoderm. There is ‘space’ between exclusion zones. Embryos are labelled by RNA Pol Il Ser2P
antibody (green) and nuclear Hoechst stain (blue). Screenshot of 3D views taken from Zeiss Zen Blue
software.
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Fig 5.10. 3D view of the LSFM imaging of a fixed embryo at sphere stage (4hpf)

Elongating RNA Pol Il (Ser2P) is labelled in green, and nuclei (Hoechst) are labelled in blue.
Screenshots of 3D views taken from Zeiss Zen Blue software.

In order to control our imaging strategy, we looked at RNA pol Il embryos imaged at
later stages, as we expected that widespread genome activation, if delayed in YSL
nuclei, must occur before epiboly onset, as we knew that at dome stage (4.33 hpf)
hundreds of YSL specific genes are induced by Mxtx2 transcription factor. Indeed,
with immunostaining for active RNA pol Il we see a widespread profile of genome
activation in both YSNs and blastomeres (Fig. 5.10 - green foci colocalising with the
entire nucleus and not only miR-430 transcription bodies) as early as at sphere stage
(4.00 hpf). This observation indicated that by sphere stage, YSL and blastomeres
show equivalent levels of active transcription, and delay in transcription dynamics

becomes minimised at that point. This coincides with YSL nuclei becoming non-

mitotic.
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With that in mind, we moved on to the quantitative comparison of transcriptional
activity between yolk syncytial nuclei and blastoderm nuclei. Imaging data from
embryos fixed at 3 stages and stained against the elongating RNA Pol Il was collected
- 512 cell, 1000 cell and oblong stages. These data were segmented to isolate only
regions containing true RNA pol Il signal, and these regions were then quantified to
produce measurements of RNA polymerase surface area and volume in each of the
nuclei. 2 subsets of data were analysed, with one containing measurements in YSL
nuclei, and the second measurements in blastoderm nuclei. This was done for each
individual embryo, and 3 embryos were analysed for each stage. Total volume and
total surface area of RNA Pol Il regions has been used as a readout of total
transcriptional activity in the analysed nuclei populations.

In Fig. 5.11 we compare the distributions of these 2 readouts within YSL and
blastomere nuclei populations in single embryos. We show that across all 3 stages
mean volumes of active Pol Il remain comparable between blastoderm and YSL,
blastoderm nuclei display a much larger range and maxima of the total volume than
YSL, suggesting that a subset of blastoderm nuclei displays much higher
transcriptional activity. Analogical results have been seen when comparing surface
area of active RNA pol I, with much higher maxima displayed by the blastoderm
nuclei. Additionally, mean RNA pol Il surface areas at 1000-cell and oblong stages are
higher in blastoderm, giving a further indication of a smaller transcriptional activity

exhibited by YSL nuclei when compared to their contemporaries.
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Fig. 5.11. Comparisons of surface area and volume of segmented RNA polymerase Il regions
between YSL and blastoderm in individual embryos.
Comparisons of surface area (top row) and volume (bottom row) of segmented RNA Pol Il regions
between YSL and blastoderm. Data presented was collected from individual embryos, displaying
information collected from cell populations present within a single embryo, per each developmental
stage. Statistical significance tested by unpaired Kolmogorov-Smirnov test. Top left: 512 cell stage
volume, not significant difference, bottom left: 512 cell stage surface area, not significant difference.
Top middle: 1000 cell stage volume, not significant difference. Bottom middle: 1000 cell stage surface
area, P<0.0001. Top right: Oblong stage volume, P<0.0001. Bottom right: Oblong stage surface area,

P<0.0001.

195



Comparison of total nuclear polii volumes, §12 cell stage, 3

Volume (um®)

embryos

<>

Comparison of total surface area of
512 cell stage, 3 embryos

10000

Surface area (um?)
g &8 § &

blast

v
Location

Comparison of total nuclear polii volumes, 1000 cell stage, 3

2000+

$ 8 8

Volume (um®)

Comparison of total nuclear polii volumes, oblong stage, 3

embryos

polii

15000+

P

Surface area (pmz)

embryos
8004
5004
%
E o]
-
[
>
2004
slast i
Location
polii s Comp:. of total surface area of
1000 cell stage, 3 embryos
5000+
E 4000
s
]
& o]
@
8
& H
3
@ o

blast

¥

"
Location

blast yst

Location

of total surface area of segmented polil volumes, oblong stage, 3

blast

Location

ysl

blast sl

Location

Fig. 5.12. Comparisons of surface area and volume of segmented RNA polymerase Il regions
between YSL and blastoderm aggregated from imaging multiple embryos.
Comparisons of volume (top row) and surface area (bottom row) of segmented RNA Pol Il regions
between YSL and blastoderm. Aggregated data from multiple embryos (3 embryos per stage).
Statistical significance tested by unpaired Kolmogorov-Smirnov test. Top left: 512 cell stage volume,
not significant difference, bottom left: 512 cell stage surface area, not significant difference. Top
middle: 1000 cell stage volume, not significant difference. Bottom middle: 1000 cell stage surface
area, P=0.0030. Top right: Oblong stage volume, P=0.0253. Bottom right: Oblong stage surface area,

P=0.0004.
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In Fig. 5.12 we present the analogical analysis, but this time as data aggregated from
3 independently analysed embryos. The obtained results comparing RNA Pol I
volume and surface area at 512-cell stage were similar to the findings in single
embryos, with differences in distribution and significantly larger maxima of those
readouts of transcriptional activity. At 1000-cell and oblong cell stages, the
aggregated distributions of RNA Pol Il area and volume nuclei populations from 3
embryos showed more similar distributions. However, in those comparisons, means
of RNA Pol Il area and volume were significantly higher in blastoderm population,
indicating that an average blastomere has a higher transcriptional activity than an
average yolk syncytial nucleus. An important caveat of this analysis is that varying
numbers of nuclei were analysed per embryo, with larger number of blastomeres
than YSNs. This could be corrected by selecting a random subset of blastomeres
corresponding to the number of available YSNs for analysis.

All in all, analysis of RNA Pol Il surface area and volume provided strong evidence
that YSL nuclei display lower transcriptional activity than blastomeres. This evidence
is in line with our previous observations of delay of YSL nuclei with respect to
blastomeres and supports our hypothesis that zygotic genome activation in yolk

syncytial layer occurs later than in the blastoderm.

5.4 YSL Isolation by Embryo Sectioning

Further studies comparing YSL and blastomere transcription would likely require
specific isolation of those two populations, for example for use in transcriptomic

analysis (RNAseq). In anticipation of that, | have explored potential methods of
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isolating blastomeres from yolk, and generated preliminary data. | have attempted
to manually separate the 2 populations using a hypodermic needle as a blade to
remove blastomeres from the surface of yolk. This procedure has been previously
utilised in zebrafish embryos, transplanting animal caps in mesoderm induction
studies (showing that yolk syncytial layer promotes mesoderm cell fates) (Chu et al.,
2012; Ober and Schulte-Merker, 1999).

Through use of this method | have isolated animal caps (blastomeres) and yolk
(containing YSNs) at the oblong stage. As the isolation was not perfect due to yolk
cell fragility and difficulty in clearing blastomeres from its surface, | have used gPCR
to determine whether isolated yolks are enriched for YSL-specific transcripts (Fig.
5.13). Expression of mxtx1 as zygotic and YSL-specific gene was used, with additional
controls being beta-actin (maternal, ubiquitously expressed gene) and kIf17 (zygotic,
ubiquitously expressed gene). qPCR has showed indications that mxtx1 was enriched
in the isolated yolks, however this enrichment was not statistically significant (Fig.
5.13). This approach was only preliminary and utilised as a query into the viability of
embryo dissection as a method of YSL isolation.

Due to the limited scope and exploratory character of this question, just four
genes were included, therefore it is not possible to draw conclusions from these
experiments. However, significant improvements to this query would be the use of
multiple appropriate housekeeping controls and an inclusion of a larger panel of
assayed genes specific to the expression profiles | am attempting to distinguish
(maternally provided, zygotic — embryo proper, zygotic — YSL). mxtx1 was used as a
convenient readout of YSL expression and enrichment, but as a gene that is not

exclusively expressed in the YSL, it is not a perfect gene for this assay. Additionally,
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more practice and repetition of the technique would reduce the variability displayed

by the data and potentially lead to better separation of YSL from embryo proper.

12.0- ns

11.0 I__I_

10.0 -
9.0
8.0
7.0
6.0 Hl Whole embryo
5.0 B Animal cap
4.0 B Decapped - yolk

)

3.0 ns ns
2.0 | |

1.0
0.0-

Expression fold change (rel

b-actin kif17 mxtx1
mRNA

Fig. 5.13 qPCR in mechanically ‘decapped’ embryo yolks shows limited enrichment of the YSL-
specific gene expression.

gPCR analysis of enrichment of b-actin (ubiquitously expressed maternal gene), klIf17 (ubiquitously
expressed zygotic gene) and mxtxI (YSL-only expressed zygotic gene) transcripts in specified
mechanically separated cell populations. Cell populations were collected for RNA extraction at oblong
stage. Relative transcript enrichment was normalised to the eeflala housekeeping gene and is
presented as relative abundance to the whole embryo. Data presented as meanzSD, N=3 for whole
embryo and decapped-yolk samples, N=1 for animal caps. RNA of 15 embryos (or equivalent) isolated
for each group in each replicate.
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5.5 Discussion

In this chapter, we have provided a detailed characterisation of cell cycle and
transcription dynamics in the yolk syncytial layer. We have confirmed that YSL
undergoes 3 temporally metasynchronous divisions after its formation at 512 cell
stage. Having identified cell cycle synchrony as a potential indicator of
developmental immaturity of yolk syncytial nuclei, we have shown that cell cycles
are significantly shorter in YSNs when compared to their contemporary blastomere
cousin cells. Cell cycle lengths exhibited by YSNs were similar to those of blastomeres
in their previous cell cycle, indicating that a delay or “lag” is present in the YSNs,
providing further evidence of developmental immaturity. We also show that
metasynchronous cell cycles in YSL are both temporally and spatially coordinated.

We have queried whether transcription dynamics of YSL are also subject to the delay.
Through a light-sheet fluorescent microscopy imaging strategy of elongating RNA
polymerase Il combined with image segmentation we showed that yolk syncytial
nuclei exhibit lower transcriptional activity than their blastomere contemporaries at
512, 1k, and oblong cell stages. Taking into account all presented evidence, we
propose that yolk syncytial layer nuclei are developmentally and transcriptionally
immature compared to blastomeres in zebrafish development, and that YSL

undergoes zygotic genome activation with a delay, separately to the blastoderm.

Additionally, we have identified an intriguing new characteristic of yolk syncytial
nuclei, which appear to be self-contained in what we have dubbed “exclusion zones”,

which we speculate offers limited mixing with the rest of yolk syncytial cytoplasm.
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These have been observed due to non-specific binding of primary or secondary
antibody, and the noisy signal being excluded from the area surrounding YSNs.
Potentially, this exclusion could be a result of endoplasmic reticulum (ER)
surrounding the YSNs, which could be tested using a specific marker for ER.

Our initial observations of cell cycle dynamics, especially cell cycle length
comparisons, showing the delay in YSL, have been limited by manual tracking of the
embryo and possess limited statistical power, despite quite clear indications of the
delayed behaviour of YSNs. To address that, we have generated additional live cell
imaging datasets using mRuby:H2B, and we hope to use an automated pipeline to
automatically track cell cycles and nuclei lineages in those datasets (Qureshi et al.,
2020). This may help provide additional evidence of the delay.

Quantifying active transcription in fixed embryos shows a wide range of transcription
values. Fixing embryos to capture transcription at a single time point offers the
stability to make reliable measurements but offers the caveat of giving an incomplete
view of transcriptional states in the embryo. Primarily, the loss of blastodermal
synchrony in contrast with the metasynchronous wave-like divisions of the YSNs
(Trinkaus, 1993) means that the data captures a wide range of transcriptional states,
from early transcription, to peak activity to the declining phase where transcription
peters off (Hadzhiev et al., 2019). This loss of synchrony affects the outcomes from
blastodermal transcription disproportionately more in comparison to the more
metasynchronous YSL nuclei. Additionally, fixation and immunostaining seems to not
have a uniform distribution, with certain spatial biases in staining (Fig. 8 and Fig. S12-
14). This spatial bias is not consistent between individual embryos, suggesting that

the method of immunostaining could be further optimised to improve on the quality
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and distribution. If improvements in quality of immunostaining do not improve the
spatial biases, there could be an indication of certain regional subsets within the
embryo being more transcriptionally active at certain times.

Because a lack of synchrony provides RNA Pol Il volumes of varying stages, the upper
quartile of segmented volumes was selected for comparative analysis between
blastoderm analysis, as a representation of transcriptional states reaching their
maximal activity, in line with the assumption that RNA Pol Il volume correlates with

levels of its activity (Tadros and Lipshitz, 2009).

5.5.1 Surface area as a proxy for transcriptional activation morphology

Measuring the surface area of segmented volumes was selected as an approximate
measure of the shape of transcription volumes. As described in (Hadzhiev et al.,
2019), early embryonic transcriptional states in the zebrafish embryo take on a
double dot appearance, reflective of the pre-MZT activation states of transcription
where fewer genes are actively transcribed. Post MBT, a greater number of genes
from across many genomic loci are activated (Newport and Kirschner, 1982a; b),
which would result in numerous local speckles across the nucleus. The surface area
of segmented RNA Pol Il volumes could be used to help gauge whether RNA Pol Il
activity is scattered and speckled, similar to a post MBT state, by virtue of a larger
number of volumes offering a large surface area: volume ratio. This is generally
visible from across the measured embryo samples, although low sample sizes for
viable YSL nuclei do make robust statistical analysis difficult. The analysed data
provides a compelling early glance into the state of RNA Pol Il distribution across
contemporary YSL and blastoderm nuclei, with a greater overall surface area in
blastomere RNA Pol Il regions suggesting a more granular topology, which would be

202



consistent with the notion of distributed RNA Pol Il speckling that occurs with wider
genome activation.

Conversely, maximally transcribing nuclei may be segmented to show the entire
nucleus filled with a singular transcription volume, decreasing the surface
area:volume ratio, although the extent of this occurring in our segmented datasets

needs to be investigated.

5.5.2 Maxima of segmented RNA Pol Il volumes are greater in blastoderm with
oblong stage showing more parity between YSL and blastoderm RNA Pol I
volumes.

The extent of transcriptional activity, as measured via the volume of segmented
active RNA Pol Il regions, shows a greater volume in the blastoderm in comparison
to the YSL. The greater volume suggests more widespread genomic activation within
blastomere nuclei. The disparity, though not consistently deemed significant by the
statistical test, is pronounced across 512 and 1000 cell stage but this difference
reduces, or even reverses during oblong stage. This may suggest that the delay in
genomic activation is ‘catching up’ by oblong stage. Based on observations from as
yet unprocessed sphere stage data (Fig. 5.10), it appears that the levels of YSL
transcription do indeed match the levels seen in the wider blastoderm, so it is
inferred that this ‘catching up’ occurs before then, and perhaps the oblong stage is
when this begins to occur.

This is consistent with the data from looking at cell cycle mitosis synchrony, where
the waves of metasynchronous mitosis of YSL nuclei follow the same pattern as the
waves of preMBT blastomere nuclei, lagging behind by approximately 1 stage —
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where the first YSL division (512-1k) matches the same level of synchrony of the

transition from 256-512cell transition.

5.5.3 Maxima of transcriptional activation are higher in blastoderm compared to
YSL

The data often show very similar median values for volume and surface area,
particularly at 512 cell stage and oblong stage. The closeness in geometries of RNA
Pol Il regions between YSL and blastoderm nuclei at 512 cell stage is expected as this
is the stage the YSL is formed; the contents of the cell drop into the cytoplasm of the
yolk cell and it would seem so according to the conducted imaging. This may result
in the newly deposited YSL nuclei carrying largely similar properties to their
blastomere contemporaries. To support this idea, we see ‘exclusion zones’
surrounding YSL nuclei which resemble the cytoplasm of blastomeres (Fig. 5.8). This
model doesn’t explain how the transcriptional activity of the YSL progressively
differentiates from the blastoderm into 1000-cell stage, but this observation may
offer a potential lead into how YSL nuclei may be partitioned from each other.
Furthermore, as observed from the aggregated volume and surface area data, even
when medians are similar, the peak volumes and surface areas of blastoderm RNA
Pol Il regions tend to reach higher maxima than YSL across embryos, suggesting an
overall greater potential for activation in contemporary blastomeres in comparison
to YSL.

All in all, we have shown evidence for cell cycle and transcriptional delay in YSL,

suggestive of this layer developmentally lagging behind the blastoderm
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contemporaries. With that evidence, we hypothesise that zygotic genome activation

is delayed in YSL.

5.5.4 Future studies

In order to verify our proposed hypothesis that the observed differences in temporal
dynamics of YSL transcription are a delay of zygotic genome activation, further
characterisation of the transcription dynamics in this cell layer would have to be
conducted. An absolutely key experiment that would provide evidence to support or
reject this hypothesis would be a temporal series of global transcription analysis in
YSL by means of transcriptomics. For that experiment, efficient isolation of YSL nuclei
with high purity for RNA-seq and for nascent RNA-seq (e.g. GRO-seq) (Lopes et al.,
2017) would be required. Alternatively, a method of spatially separating cell
populations, for example via cryosectioning of embryos could be employed, followed
by RNA sequencing (TOMO-seq) (Holler et al., 2021; Liu et al., 2022a). These
experiments would allow direct comparison of the transcriptome profiles to that of
embryonic blastomeres and temporal sequence of gene activation events compared.
Delayed genome activation in YSL would likely be coupled to delayed activation of
major wave ZGA genes in the transcriptome data. Alternative to gene expression
analysis could be analysis of chromatin opening at promoters using ATAC-seq. This
would require nuclear extracts to be generated from YSL nuclei and compared to
blastomere nuclei data. Ideally single cell ATAC could be used which would further
increase the cellular resolution of the data, but at a cost of reduced sensitivity at

genes which are being opened.
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Finally, additional in vivo transcription imaging could be conducted. Through imaging
of miR-430 morpholino using the MOVIE technique developed in-house by the Miiller
lab (Hadzhiev et al., 2019), we are able to observe the earliest transcription events
in the embryo at 64 cell stage, and miR-430 has been shown to be indicative of minor
wave transcription. However, while this has indeed allowed us to detect transcription
in YSL nuclei in preliminary imaging data, the temporal dynamics of miR-430
transcription bodies are unlikely to reveal any additional information relevant to YSL,
as the nuclei forming the YSL at 512 cell stage are minor wave nuclei, with the
supposed delay occurring at the major wave of ZGA.

In future studies of YSL cell cycle and transcription, we could address whether
synchrony presented by YSL during its 3 metasynchronous cell cycles is similar to the
synchrony present in blastoderm during the minor wave of ZGA. Cleavage cycles of
blastoderm lack gap phases and DNA damage checkpoints, and if YSL replicates minor
wave of ZGA behaviour, it would also need to lack those, providing potential avenues
of experimentally testing this hypothesis for example by analysis of DNA damage and
cell cycle checkpoint dynamics in YSL and blastoderm, or by attempting to detect
markers found in blastomeres during synchronous cell divisions, such as replication
factors, which were shown to be enriched in blastoderm nuclei during the minor
wave (Kermi et al., 2017).

Another potential question raised by our data is whether the delay exhibited by YSL
is dependent on the nuclear:cytoplasmic (N:C) ratio. However, as YSL forms a large
syncytium without physical barriers between nuclei, manipulation of either of the
components of the ratio may prove difficult. Nevertheless, addressing this question

experimentally would require manipulations of DNA content in YSL specifically (to
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increase the nuclear component) or global manipulations of the N:C ratio such as
tetraploidisation of embryos through heat-shock (Hadzhiev et al., 2019).

In summary, our results have indicated that first cell-type specific differences within
the zebrafish embryo occur even before zygotic genome activation, and have opened
an avenue for potential future research on cell cycle and transcription dynamics in
the yolk syncytial layer that could contribute to understanding not only of this
extraembryonic layer, but also to understanding events underlying zygotic genome

activation, cell fate acquisition and genome reprogramming.
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Chapter 6: Summary and Conclusions

The methodologies for disruption of the function of developmental genes in early
embryos are fast developing. Zebrafish has played a key role in pioneering adaptation
of those methods. Besides the classical approach of production of targeted lesions
in stable mutant lines, new methods utilise direct disruption of gene function in
directly injected embryos, without the need of generation of a transgenic line. This
is due to the relatively high efficiency of these tools, generating mutations in a large
proportion of the cells of the developing embryo. While these directly injected
embryos provide immensely useful information for target optimisation and for
preliminary data generation, the directly injected reagents do not always give the
desired effect and require optimisation of multiple parameters. In my studies | have
tested several approaches for disruption of mxtx2 gene function including generation
of lesions in the coding sequence by CRISPR/Cas9 targeting, disruption of gene
function by targeted insertion (knock-in) and disruption of mRNA production by a
mRNA targeting version of the CRISPR-associated nuclease (Cas13). For future
exploitation of these tools more optimisation is required, for most of the above
technologies. Cas9 lesions are routinely used in loss of function studies, but target
optimisation would benefit from further improvement of the technology by
increasing the number of cells in which targeting takes place. This could be achieved
by improving the synthetic Cas9 protein production, optimisation of microinjection
conditions to boost the targeting reaction as early as possible during cleavage to

reduce mosaicism, and by further optimising the reagents (variant Cas9,
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concentration and structural design of guides). The insertional targeting method
recently published by (Wierson et al., 2020) did not yield the desired results, and |
was unable to generate a stable transgenic line disrupting the mxtx2 gene using this
approach. Discussion with colleagues and members of the zebrafish research
community indicate that the insertional approach is not used routinely by most
laboratories, suggesting the need for further optimisation of the protocol. Both the
Cas9-mediated lesion and targeted insertion approaches may benefit from the
application of easily detected phenotypes such as the use of eye pigmentation
defects resulting from gol targeting, as demonstrated in this thesis.

In this thesis | have aimed to characterise the role of mxtx2 in zygotic genome
activation. This however was not possible due to the issues with loss of function
mutation efficiency outlined above. | have provided additional evidence showing that
mosaic Cas9 depletion of mxtx2 phenocopies its morphant phenotype, providing an
independent verification of both tools for targeted disruption of this gene. However,
to achieve the aim of characterising the role of mxtx2 in ZGA, a stable transgenic line
would need to be generated, which could be later used in transcriptomic analyses,
aiming to address if mxtx2 plays a part in regulating zygotic transcription at early
embryonic stages. As demonstrated in this thesis, colleagues and | have detected
transcription dynamics differences between the yolk syncytial layer (YSL) and embryo
proper (blastoderm). Our hypothesis is that mxtx2 plays a role in activation of YSL
genes and therefore potentially regulates the correct timing and scale of
transcription in the YSL. To test this hypothesis, we would need to characterise the
formation and transcription dynamics in the YSL in mxtx2 mutants using the methods

described in Chapter 5 of the thesis.
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A key further question is to understand the transcriptional mechanism and the
molecular reasons for the observed epiboly defects in mxtx2 crispants. It is predicted
that target genes of mxtx2 include those that are required for the correct
morphogenesis of the YSL and its function in regulating epiboly movements (e.g.
Nodal pathway). Analysis of the potential role of Mxtx2 target genes in epiboly and
YSL morphogenesis may be considered as a future study direction, including loss of
function analysis of candidate target genes to verify their role in YSL formation and
function. Transcriptomic characterisation of the mxtx2 mutant with specific focus in
the YSL would be a key aim. This is dependent on the development of a robust
method for isolating the YSL and separately measuring transcript dynamics from the
embryonic blastomeres.

Finally, in this study myself and colleagues have demonstrated a cell cycle and
transcriptional delay in YSL, suggestive of this layer developmentally lagging behind
the blastoderm contemporaries. With that evidence, we hypothesise that zygotic
genome activation is delayed in YSL.

To verify our proposed hypothesis that the observed differences in temporal
dynamics of YSL transcription are a delay of zygotic genome activation, further
characterisation of the transcription dynamics in this cell layer would have to be
conducted, such as a temporal series of global transcription analysis in YSL by means
of transcriptomics or analysis of chromatin openness through ATAC-seq. Additional
experiments are needed to improve our understanding of events occurring in YSL,
including additional live imaging with transcription visualisation, potential

experiments manipulating the nuclear:cytoplasmic ratio in YSL, as well as
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development of efficient methods of isolating the YSL from blastoderm.
All in all, the findings presented in this thesis provide interesting new information on
yolk syncytial layer and its transcriptional dynamics, shedding new light on regulation

of zygotic genome activation and providing an intriguing avenue for further studies.
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Appendix

| mxtx2 CS4 gRNA |

Fig. S1 Additional information to Fig. 3.12.

Embryos injected with only the mxtx2 targeting CS4 guide RNA, but without Cas9 nuclease did not
exhibit the embryonic lethality nor the developmental defects. The micrograph shows a group of
those embryos at 24 hpf. Number in the bottom left indicates the number of normally developing
embryos from the total scored. Authors note: the remaining 4/50 embryos were found dead at 24hpf
with 0/50 abnormally developing.

Fig. S2. Plasmid map of pXR001:Cas13d-EGFP

PXRO01: EF1a-CasRx-2A-EGFP
12,991 bp
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Fig. S3. Plasmid map of pCS2+T7-Cas13d-EGFP
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Fig. S4 Cyclopic embryos generated by Cas13d

Cas13d-EGFP mRNA 200ng/ul

tbxta gRNAs mix 600ng/ul

Fig. S5. Plasmid map of pET28b-Cas13d-his
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Movie S6 Time-lapse imaging of gol mosaic knockout zebrafish embryo development across epiboly.
For the purposes of easy access, movie was uploaded to the YouTube video sharing platform and is
available at: https://youtu.be/ub682kuAWCo

Embryos were injected at 1-cell stage with Cas9 and guide RNA targeted to gol gene. Imaging was
started at approximately 3 hours post fertilisation. 135 frames, each taken every 5 minutes are

included, with the video sped up to 12 frames per second. Approximate time (in hpf) is shown in the
top left corner.
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Movie S7 Time-lapse imaging of mxtx2 mosaic knockout zebrafish embryo development across
epiboly

For the purposes of easy access, movie was uploaded to the YouTube video sharing platform and is
available at: https://youtu.be/HaljnGTJiK8

Embryos were injected at 1-cell stage with Cas9 and guide RNA targeted to mxtx2 gene. Imaging was

started at approximately 3 hours post fertilisation. 135 frames, each taken every 5 minutes are
included, with the video sped up to 12 frames per second. Approximate time (in hpf) is shown in the
top left corner.

Fig. S8 Plasmid maps of pGTAG -EGFP-CAAX-SV40 before (A) and after 48bp homology arms for
mxtx2 CS4 gRNA were cloned in (B).
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Table S9. Additional data for Fig. 4.9. Summary of screening of F1 embryos, offspring of adult
zebrafish injected with mxtx2 and the associated GeneWeld construct and grown to adulthood.

Across screening rounds, different sets of pairs were crossed to ensure that all of the adult fish were
separated and crossed. The same males and females have been crossed at least 2 times to ensure that
all of them were screened for the GFP insertion into the mxtx2 gene. Embryos were screened between
dome stage and 75% epiboly for the presence of the GFP positive cells under the fluorescence light

microscope.
Screening round 1
Pair Embryos assessed | GFP GFP
negative positve
1 106 106 0
2 156 156 0
3 51 51 0
4 121 121 0
5 75 75 0
6 106 106 0
7 34 34 0
8 89 89 0
9 65 65 0
10 178 178 0
11 170 170 0
12 44 44 0
13 62 62 0
14 82 82 0
15 76 76 0
TOTAL 1415 1415 0
Screening round 2

1 39 39 0
2 170 170 0
3 160 160 0
4 73 73 0
5 231 231 0
6 124 124 0
7 111 111 0
8 75 75 0
9 160 160 0
10 78 78 0
11 163 163 0
12 308 308 0
TOTAL 1692 1692 0
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Screening round 3
1 195 195 0
2 73 73 0
3 38 38 0
4 261 261 0
5 182 182 0
6 81 81 0
7 93 93 0
8 123 123 0
9 110 110 0
10 68 68 0
11 8 8 0
12 31 31 0
13 97 97 0
14 101 101 0
15 4 4 0
16 162 162 0
17 142 142 0
18 59 59 0
19 40 40 0
20 42 42 0
21 4 4 0
22 266 266 0
23 223 223 0
24 73 73 0
25 53 53 0
26 41 41 0
TOTAL 2570 2570 0

Movie S10 — Mitotic events in zebrafish YSL appear coordinated in a wave-like metasynchrony
For the purposes of easy access, movie was uploaded to the YouTube video sharing platform and is
available at https://youtu.be/tQavkBo3VIU

Time lapse light sheet imaging of zebrafish embryo nuclei visualised using marking histones with

mRuby:H2B protein. Embryos were imaged from 64 cell stage for the duration of 2h and 30 mins,
until dome stage. Time-lapse has been generated from a maximum intensity projection of 3D
imaging, with framerate of 54 seconds per frame. Nuclear divisions in the YSL are highlighted using
white dots.
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Primer

Sequence (5'-3')

Mxtx2_FWD_qPCR_1

CAAGAGAGCCAGAACCCTAAAG

Mxtx2_REV_qPCR_1

CCATGTGAGGAGGTAAGAAAGG

Mxtx2_FWD_qPCR 2

TCTCCTGAGTCATGGGATGTAG

Mxtx2_REV_qPCR_2

GGTAAGGAGGTGGTGGATAGA

mxtx1_gPCR_setl F TCGCACGTTGAAATGCAAGG
mxtx1_gPCR_setl R AGGCGGTGGTGAACATAAAG
ndr2_qPCR_F TTCATAGCAGGCCCTGGTTG
ndr2_qPCR_R TGAAAACAGCAGCAGCATGG
actb_qPCR_F TGACCGAGCGTGGCTGCTACA
actb_gPCR_R CTTGATGTCACGGACAATTTCTCT
eeflala_qPCR_F GGGCAAGGGCTCCTTCAA
eeflala_gPCR_R CGCTCGGCCTTCAGTTTG

Table S11. Primers used for qPCR experiments.
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Fig. S12 — additional figures for Fig. 5.8, additional images of RNA Pol Il distribution in 512-cell stage
embryos.
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Fig. S13 — additional figures for Fig. 5.8, additional images of RNA Pol Il distribution in 1k-cell stage
embryos.
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Fig. S14 — additional figures for Fig. 5.8, additional images of RNA Pol Il distribution in oblong stage
embryos.
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