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Summary

In the developing embryo, regulating gene expression is crucial to generate a vast array of
cell types from a common genetic blueprint. One of the mechanisms by which this regulation
is achieved is through methylation of lysine residues on histone tails. These marks are con-
trolled by histone methyltransferases, demethylases, and reader proteins. Here, we explore a
surprising link between a histone H4 lysine 20 (H4K20) methyltransferase, suv4-20h1/kmt5b,
and multiciliated cells (MCCs).

MCCs are a highly specialized cell type found in the brain and respiratory tract of mam-
mals and on the Xenopus embryonic epidermis. These cells are characterized by hundreds
of motile cilia that beat to generate fluid flow, and impairment of MCC differentiation or
function is implicated in a number of pathologies. Our lab previously discovered that double
knockdown of suv4-20h1 and suv4-20h2/kmt5c, the enzymes that write H4K20me2/3, leads
to a ciliogenic phenotype, which disrupts cilia formation in MCCs as a consequence of a

concerted downregulation of ciliogenic genes.

In this thesis, we further investigate the relationship between H4K20 methylating enzymes
and MCCs using Xenopus as a model system. Strikingly, we demonstrate that the transcrip-
tion of ciliogenic genes is regulated by the catalytic activity of suv4-20h1 but not suv4-20h2.
Chromatin in cells depleted of suv4-20h1 activity is enriched for H4K20mel, a modification
with unclear impact on gene transcription. The cilia defects can be partially rescued by the
catalytic activity of PHF8, an H4K20mel demethylase. In contrast, overexpression of multi-
cilin, the master regulator of multiciliogenesis, cannot rescue ciliogenic structure or gene
expression, and expression of downstream ciliogenic regulators is not affected by suv4-20h1
knockdown. This indicates that suv4-20h1 regulates MCC differentiation through an alterna-
tive pathway to the canonical multiciliogenic transcription program. While our data suggest
that the conversion from H4K20mel to H4K20me?2 by suv4-20h1 is needed for normal levels
of ciliogenic gene expression, ATAC-Seq analysis indicates that suv4-20h1 has a minor effect
on chromatin accessibility. These findings shed further light on the intriguing connection

between a specialized cellular structure and the epigenetic landscape.
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Zusammenfassung

Im sich entwickelnden Embryo ist die Regulierung der Genexpression von entscheidender
Bedeutung fiir die Entstehung einer Vielzahl von Zelltypen auf der Grundlage eines gemein-
samen genetischen Bauplans. Einer der Mechanismen, mit dem diese Regulierung erreicht
wird, ist die Methylierung von Lysinresten an Histonschwénzen. Diese Markierungen werden
durch Histon-Methyltransferasen, Demethylasen und sog. ,,Reader“-Proteinen kontrolliert.
Hier untersuchen wir eine iiberraschende Verbindung zwischen suv4-20h1/KMT5B, einer

Histon-H4-Lysin-20 (H4K20)-Methyltransferase, und multizilierten Zellen.

Multizilierte Zellen sind ein hochspezialisierter Zelltyp, der im Gehirn und in den Atemwegen
von Sdugetieren sowie in der Epidermis von Xenopus-Embryonen vorkommt. Diese Zellen
zeichnen sich durch Hunderte von beweglichen Zilien aus, deren Schlag einen gerichteten
Flissigkeitsstrom zu erzeugt. Eine Beeintrachtigung dieses Zilienapparats wird mit einer
Reihe von Krankheiten in Verbindung gebracht. Unser Labor hat zuvor entdeckt, dass die
gleichzeitige Depletion der Enzyme suv4-20h1 und suv4-20h2/kmt5c, die H4K20me2/3 Markie-
rungen im Chromatin katalysieren, zu einem ciliogenen Phanotyp fiihrt, der die Zilienbildung
in multizilierten Zellen als Folge einer konzertierten Herunterregulierung von ciliogenen

Genen unterbricht.

In dieser Arbeit untersuchen wir die Beziehung zwischen H4K20 methylierenden Enzymen
und multizilierten Zellen im Modellorganismus Xenopus. Wir konnten zeigen, dass die Tran-
skription von ciliogenen Genen ausschlief§lich durch die katalytische Aktivitdt von suv4-20h1,
nicht aber von SUV4-20H2, reguliert wird. In Zellen, denen die suv4-20h1-Aktivitat fehlt, ist
das Chromatin mit H4K20mel angereichert, eine Modifikation, deren Auswirkungen auf die
Gentranskription unklar sind. Die Ziliendefekte kdnnen teilweise durch die katalytische Akti-
vitdt von PHF8, einer H4K20mel-Demethylase, behoben werden. Im Gegensatz dazu kann die
Uberexpression von Multicilin, dem Hauptregulator der Multiciliogenese, weder die ciliogene
Struktur noch die Genexpression in retten, und die Expression nachgeschalteter ciliogener
Regulatoren wird durch die Ausschaltung von suv4-20h1 nicht beeinflusst. Dies deutet darauf
hin, dass suv4-20h1 die multizilierten Zellen-Differenzierung tliber einen alternativen Weg

zum kanonischen multizilierten Zellen-Transkriptionsprogramm reguliert. Wahrend unsere
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Daten darauf hindeuten, dass die Umwandlung von H4K20mel in H4K20me2 durch suv4-20h1
fiir ein normales Niveau der ciliogenen Genexpression erforderlich ist, zeigt die ATAC-Seq-
Analyse, dass suv4-20h1 lediglich eine geringe Auswirkung auf die Chromatinzugénglichkeit
hat. Die Ergebnisse sind wegbereitend fiir zukiinftige Experimente, um die Verknilipfung
zwischen einem hochspezialisierten Zellorganell und einem Histon modifizierenden Enzym

mechanistisch aufzuklaren.
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L

INTRODUCTION

One of the major revolutions in life sciences was the sequencing of the human genome.
Access to the genetic code gave biologists a powerful tool for research and critical insights
into the molecular basis of life. It was a watershed moment that led to advances in medical
treatment, birthed new fields and technologies, and ushered in a new era of collaboration and
open science. However, the human genome did not function as a perfect blueprint, yielding
one-to-one solutions for genetic disease or providing a clear map of embryonic development.
Instead, it revealed unforeseen layers of complexity and demonstrated that the DNA sequence
itself is only one aspect of regulating genetic information. Many of these additional levels of

genome regulation are driven by epigenetic mechanisms.

1.1 Epigenetics

Epigenetics is the study of changes to gene expression without changes to the underlying
genetic sequence!. Epigenetic modifications are critical in coordinating the genome through-
out an organism’s life cycle and are particularly important for regulating development?. Even
though each cell in a developing embryo contains the same genetic information, the em-
bryo must generate a vast array of cell types, each with distinct function and morphology,
from a totipotent zygote®. Epigenetic changes guide the cell through this transition by tightly

controlling gene expression and conveying epigenetic information through the chromatin.

1.1.1 Chromatin dynamics

DNA is an immensely long molecule that must fit into a tiny compartment, the cell nucleus.
The human genome stretched end to end is estimated to be two meters long, and the typical

cell nucleus is closer to 10 um in diameter*. Additionally, DNA must be organized so that
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Figure 1.1: Nucleosome structure. The nucleosome consists of 147 base pairs of DNA wrapped around
a core of histones. Adapted and reprinted with permission from ACS’.

cellular machinery can access genes in a timely and tightly coordinated manner. To achieve
this feat, DNA is highly compacted and organized into chromatin. Chromatin is the complex
of biological molecules that package and regulate the genome of eukaryotes. It is located
in the nucleus and comprises DNA, RNA, and proteins. The critical protein components
of chromatin are histones, which act like molecular spools around which DNA is wound.

Histones facilitate efficient packaging of DNA into the nucleus®®.

The functional unit of chromatin is the nucleosome, composed of 145-147 base pairs of DNA
wrapped around an octameric core of histones (Figure 1.1)>°. Histone octamers consist of two
copies of canonical histones H2A, H2B, H3, and H4, and these can be replaced with histone
variants, including H2A.Z and H2A.X for H2A, and H3.3 and CENP-A for H3%. Nucleosomes
also include a small sequence of linker DNA bound by histone H1, which connects neighboring
nucleosomes and generates the formation of the 30 nm fiber®®. Chromatin is then arranged
in loops and forms topologically associated domains (TADs), allowing long-range interactions
between DNA and proteins that may not be close along the DNA sequence!?. The levels of

chromatin organization can be visualized in Figure 1.2.
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DNA Nucleosome Beads on a string Chromatin Fiber Domains Compartments Chromosome Genome
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Figure 1.2: Chromatin Structure DNA is organized into many orders of structure. First, the DNA is wound
around histones to form nucleosomes. Nucleosomal arrays form a “beads on a string” configuration,
further compacted into the chromatin fiber. From there, chromatin goes on to form higher-order
structures like topologically associated domains. Domains can then be organized into euchromatin
and heterochromatin. Reprinted with permission from Dr. Christopher Mulholland.

There are generally two distinct states of chromatin: euchromatin and heterochromatin.
These states differ in many aspects, including structure, degree of compaction, location in
the chromatin, and histone modification context. Heterochromatin is highly condensed
and tightly packed, making it less accessible to cellular regulators and transcriptionally
silent'>!2, Heterochromatin can be further split into two categories. Constitutive heterochro-
matin is enriched at the centromeric and telomeric repeats and on repetitive elements like
tranposons'®4. Regardless of the cell type or developmental stage, these regions remain
heavily compacted and repressed. Conversely, facultative heterochromatin typically encom-
passes genes expressed in a cell type-specific manner. These genes are stably repressed in

specific cell types but can be switched on as required.

On the other hand, euchromatin is more loosely packed, making it accessible to transcrip-

tional machinery. Euchromatin is generally found in gene-rich regions of the genome®®Y,

including actively transcribed genes and regulatory elements like promoters and enhancers®.
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1.1.2 Histone post-translational modifications and the Histone Code

In addition to their role in packaging DNA, histones act as information hubs. Histones
contain two domains, a globular core domain and an N-terminal tail domain, which can carry
epigenetic information through post-translational modifications (PTMs)®. DNA and histone
interactions are crucial drivers of many essential cellular processes, including transcription.
Epigenetic modifications like DNA methylation and histone PTMs are necessary for regulating
gene expression. A wide variety of histone modifications have been identified, including
histone methylation, acetylation, phosphorylation, ubiquitylation, and SUMOylation!. Many

sites of histone modifications are depicted in Figure 1.3.
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Figure 1.3: Histone modifications. Many potential histone modifications can be found on core histones
and histone variants, including acetylation, methylation, phosphorylation, and sumoylation. Reprinted
with permission from Elsevier?°.

Histone PTMs were first observed in the context of transcription in 1964 by Allfrey and
Mirsky, who proposed that histone acetylation may be correlated to gene activation?!. In the

subsequent decades, histone methylation and acetylation were also discovered, but their



Epigenetics

functions remained unknown?2. In 1996, the connection between histone modifications and
transcription was cemented with the discovery that a histone acetyltransferase was homolo-
gous to Gen5, a transcriptional regulatory protein in yeast?3. From those early findings came
a surge in the identification of new histone marks and a recontextualization of those already
known. From there, a “histone code” was first proposed. The histone code is the concept that
specific combinations of histone modifications could be “read” to predict patterns of gene

expression?.

Today, it is clear that the functions of most individual histone modifications cannot be read
on a one-to-one basis. The local context of a histone modification conveys essential informa-
tion. For example, constitutive heterochromatin is characteristically marked by H3K9me3
and H4K20me3; facultative heterochromatin is defined by the presence of the polycomb
mark, H3K27me3, and euchromatin is generally associated with histone acetylation and

H3K4me316:24-27,

Different combinations of histone modifications at a particular site can also result in a dif-
ferent function. For example, bivalent promoters on ESCs exhibit transcriptionally active
H3K4me3 and repressive H3K27me328. Bivalent promoters tend to be found at lowly tran-
scribed transcription factors, allowing them to switch on and off in different cell types at
the right time for cellular differentiation. H3K4me3 also co-localizes with the repressive
mark H4K20me3 at a subset of promoters in embryonic stem cells. In contrast to poised
H3K4me3/H3K27me3 bivalent promoters, H3K4me3/H4K20me3 promoters are typically ac-
tive. H4K20me3 co-localizes with similarly repressive H3K9me3, possibly providing functional
redundancy?’. Similarly, the functions of the modifications may be unclear or dependent on
the local context. H3K4mel, typically found at promoters and enhancers, has been proposed
to have roles in both transcriptional activation®® and repression® depending on its location
and the epigenetic identity of the surrounding histones. These examples highlight the impor-
tance of context in understanding histone PTM function. Many PTMs remain functionally
ambiguous, and combinatorial effects preclude a simple and direct reading of the histone

code.
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1.1.3 Histone readers, writers and erasers

Histone modifications can be written, read, and erased by histone-modifying enzymes. Hi-
stone methyltransferases, or writers, catalyze the transfer of methyl groups from a donor
molecule to target lysine or arginine residues. Histone methyltransferases contain a variety
of conserved motifs, including SET domains, which recognize specific target sites and carry
out the enzymatic reaction. As the name suggests, histone demethylases, or erasers, do the
opposite by catalyzing the removal of methyl groups from histone tails. Histone demethylases

can have different degrees of specificity of target sites and methyl states.

Histone modifications enact their functions through diverse mechanisms. They can alter chro-
matin compaction levels by influencing local electrostatic interactions. For instance, histone
acetylation neutralizes the positive charge of histones, disrupting 30 nm fiber formation®2.
However, many functions are carried out by reader proteins. These proteins commonly
possess specific domains for recognizing particular histone modifications. For example, bro-
modomains recognize lysine acetylation, chromodomains recognize lysine methylation, and
PHD fingers recognize particular methylation states. Some readers can influence chromatin
structure directly, like L3MBTL1, which binds to both H4K20mel/2 and H1bK26mel/2 and
compacts neighboring nucleosomes that exhibit both of these marks, or the SWI/SNF remod-
eling complex, that binds acetylated histones, increasing chromatin accessibility?®. So-called
“reader-writer” proteins contain an additional writing domain and can further modify the
chromatin®3. Reader proteins can also act as scaffolding for the recruitment of molecules
like DNA repair machinery, transcription factors, or the transcriptional machinery itself.
H4K20me2, the most abundant histone modification on the chromatin, recruits 53BP1 to sites
of DNA damage, which in turn recruits DNA damage-response proteins like RIF1343%, ORC1
also reads H4K20me?2 and carries out functions related to origin licensing and preventing

origin refiring36%,

Histone readers, writers, and erasers create a dynamic chromatin environment where tran-
scription can be finely tuned depending on which histone modifications are present and
when. Over the course of development, a cell matures from pluripotency to a differenti-

ated fate, and the epigenome must mature along with it. Many of the significant events of
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epigenome maturation surround zygotic genome activation (ZGA) when transcription begins,
and embryos transition from relying on maternally derived mRNA to newly transcribed

zygotic RNA. This process differs across species®® (Figure 1.4).

1.1.4 Epigenome maturation

In mice, the first bout of embryonic transcription occurs in the G2-phase of the first cell
cycle, but major ZGA occurs at the transition between the 4- and 8-cell stage®~*'. Before
ZGA, the mouse genome must undergo total remodeling. Sperm nuclei are tightly packaged
by positively charged protamines*?. After fertilization, protamines in the male genome are
replaced with maternal histones*>**. This repackaging establishes the context for ZGA33,
The male and female genomes form distinct, physically separated pronuclei®. After the
initial replacement, some maternal histones are replaced with histone variants. For example,
canonical H3 is widely and rapidly replaced by H3.3 throughout the genome, helping to
maintain chromatin openness*~*°. Histone modifications can be seen in the early mouse
embryo. H3K4me3, for example, is present in 5- to 10-kb domains around the 2-cell stage™.
These broad domains contrast the characteristically sharp H3K4me3 peaks seen later in
development. H3K4me3 is erased at ZGA before reappearing in sharp peaks, and H3K27me3
accumulates after H3K4me3>!. Heterochromatic H4K20me3 is present in the maternal pronu-
cleus after ZGA, then transiently lost at the 2-cell stage®?. DNA methylation is also essential
to early embryonic chromatin dynamics, and methylation strategies vary across species.
Sperm DNA is highly methylated, and in mice, DNA becomes globally demethylated after
fertilization®3. Finally, throughout development, chromatin architecture is gradually estab-
lished. TADs begin to form at the 2-cell stage but are not well defined until the 8-cell stage,
after ZGA>.
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Figure 1.4: Comparison of epigenome maturation between mice and Xenopus. Key features of
epigenome maturation include changes in DNA methylation, deposition of histone modifications,
and establishment of higher-order chromatin structures. Adapted and reprinted with permission from
Wiley3855,

The Xenopus epigenome begins largely devoid of modifications and accumulates epigenetic
information over the course of development>>°®, Similar to mice, Xenopus protamines are
rapidly replaced with maternal histones, some of which, like maternal linker HIM, remain
until the mid-blastula transition (MBT), which coincides with ZGA3%7:58, Just prior to ZGA,

maternally derived H3K4me3 and H3K27me3 marks are established at promoters®®>, then
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propagated more widely across the genome after the blastula stage. Histone acetylation
patterns are established after ZGA. H3K27ac, for instance, appears at the blastula stages and
is found throughout the genome by the gastrula stages®. As development progresses, chro-
matin compartments must also be established through the deposition of heterochromatic
marks like H3K9me2/3, H3K27me3, and H4K20me3 and the recruitment of repressive and
heterochromatic proteins like HP1 and PRC2. Similar to mice, chromatin is largely unstruc-
tured in the early stages. Higher-order chromatin structures like TADs must be established
and begin to form post-ZGA®!. In contrast to mice, Xenopus DNA remains hypermethylated
after fertilization®>%3, The developing embryo is a highly dynamic system and this extends to
the level of the epigenome. The process of epigenome maturation highlights the complexity
and importance of establishing chromatin architecture and histone modifications for the

progression of development and cellular differentiation (Figure 1.4).

Surrounding the sequencing of the human genome, genetic maps of other model species
were also generated. Organisms with less complicated genomes, like Arabidopsis thaliana and
Drosophila melanogaster , were sequenced in preparation for the more arduous task of the
human genome. Additional models like mice, Zebrafish, and Xenopus were also sequenced
after human genome sequencing. As the example of epigenome maturation demonstrates,
studying many model organisms in-depth reveals species differences that ultimately shed
light on our commonalities. The unique aspects of each model organism allow us to uncover

fundamental insights that may not have otherwise been detected.

1.2 Meet Xenopus

Xenopus laevis became widely used as a model organism in biology and medicine in the early
1900s. In the 1930s Xenopus formed the basis of the first pregnancy test. Researchers found
that if they injected a female frog with the urine of a pregnant woman, the frog would lay
eggs the next day due to the presence of human chorionic gonadotropin (hCG) in the urine®.
Two Xenopus species are commonly used in biological research: the South African Xenopus
laevis and the Nigerian Xenopus tropicalis. Xenopus laevis is found throughout sub-Saharan

Africa and lives in freshwater environments, including streams, ponds, and lakes. The frog
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reaches metamorphosis in approximately eight weeks, becomes sexually mature within one

year, and can live up to 30 years®.

1.2.1 Xenopus as a model organism

Xenopus has historically been valued as a model organism and remains an excellent research
animal. Its life cycle is entirely aquatic, making it easy to keep in a laboratory setting. It
lays large clutches of eggs, providing ample experimental material. Egg laying can easily be
induced by injection of hCG, the same trick that gave Xenopus early fame as a pregnancy test,
and eggs can be fertilized with fresh or frozen sperm®®. At approximately 1 mm in diameter,
Xenopus laevis eggs and embryos are large, making microinjection, microdissection, and
manipulation relatively easy. Their development is entirely extrauterine and can be non-
invasively observed from start to finish. As a tetrapod, Xenopus sits between fish and mice on
the evolutionary tree, and its physiology and organ function are more similar to mammals

than that of fish.

Previously, while Zebrafish and mice were considered genetic models, Xenopus was only
considered an embryological model. However, the toolbox available to Xenopus researchers
has grown in recent years. Due to advances like the complete sequencing of the genome,
the emergence of CRISPR technology, and the establishment of Xenopus tropicalis as an
additional model organism - with a diploid genome, in comparison to the allotetraploid
genome of Xenopus laevis, the African clawed frog is now a beneficial genetic organism that
is complimentary to other systems like Zebrafish and mice®’. A comparison of Xenopus laevis

and Xenopus tropicalis can be found in Table 1.1.
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Table 1.1: Comparison of Xenopus laevis and Xenopus tropicalis as model organisms.

Xenopus laevis Xenopus tropicalis
Ploidy Allotetraploid Diploid
Number of chromosomes 18 chromosomes 10 chromosomes
(haploid)
Genome size 3.1 % 10° base pairs 1.7 % 10° base pairs
Optimal temperature 16-22°C 25-30°C
Brood size 2000 - 3000 eggs 500 - 2000 eggs
Generation time 1-2 years 4 months

1.2.2 Embryonic development

Thanks to its historical prominence as a model organism, Xenopus development is well under-
stood. At fertilization, the sperm initiates an acrosomal reaction, pierces the protective jelly
coat around the eggs, and enzymatically digests it, passing it to the egg’s plasma membrane®.
Then, the sperm fuses with the egg, allowing its nucleus to enter the cytoplasm and initiating
downstream events. Sperm triggers both cortical rotation and a calcium spike, activating
the cell cycle. Next, the egg and sperm nuclei fuse, forming the zygote, and fertilization is
complete® 7, After fertilization, the embryo undergoes 11-12 rapid cell cleavages that last
between 10 and 30 minutes and skip the gap phases’'~”3. Then, the embryo reaches the blas-
tula stage and forms the blastocoel, a fluid-filled cavity within the blastula. At this stage,
the nuclear to cytoplasmic ratio initiates a shift at the midblastula transition’. The zygotic
genome is activated, the maternal store of protein is degraded, and the embryo goes through
epigenetic maturation as described in subsection 1.1.4. Cell cycles lengthen to include gap
phases and become asynchronous’>”. After these extensive genomic changes, the embryo
undergoes extensive morphological changes during gastrulation, forming the germ layers.
Prospective mesoderm, which is specified at the blastula stage and gives rise to the notochord,
involutes over the dorsal lip of the blastopore and elongates the body axis of the embryo
through convergent extension. Neuroectoderm, which gives rise to the spinal cord, also

undergoes elongation by convergent extension”®.

The three germ layers give rise to distinct tissue types and structures in the embryo and fully

developed adult. The endoderm gives rise to most internal organs, including the respiratory

1
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and digestive tract’’. The mesoderm gives rise to a wide variety of cell types, including the
cardiac, musculoskeletal, and blood cells’®. Finally, the ectoderm gives rise to the nervous
system, neural crest, and epidermis’®. During neurulation, part of the ectoderm differen-
tiates into the neural tube, which forms the central nervous system. After this time, other
organs, including the heart and somites, emerge. Then, the embryo becomes elongated,
reaches the tail bud stages, and hatches. The early development of Xenopus is relatively rapid,
where a fertilized embryo can develop to the stage of hatching in 2-3 days. The developing
frog will complete metamorphosis in approximately eight weeks. Critical events in Xenopus

development are summarized in Figure 1.5.
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Stage name: NF number: Key events:
Zygote 1 Fertilization
Rapid, synchronous
Cleavage 2-6.5 cells cycles
Blastocoel formation
Blastula 7-9 MBT and ZGA
Cell cycle lengthening
AT Gastruation
v O ) Gastrula 10-13
Germ layer formation
Neurulation
Neurula 12 - 21
Onset of organogenesis
P ] Embryo elongation
\ U 4 Tailbud 22 -34
Hatching
adool 34 -66 Feeding
adpole Metamorphosis
Sexual Maturity
LEEE 66+ Lifespan up to 30 years

Figure 1.5: Key events in Xenopus development. After fertilization, Xenopus embryos undergo rapid,
synchronized cell divisions that lack gap phases. Early rapid cell cycles persist until the blastula stage,
during which the blastocoel, a fluid-filled cavity, is formed, coinciding with the mid-blastula transition
(MBT) and zygotic genome activation (ZGA). Cell cycles lengthen to include gap phases and become
asynchronous at this stage. The embryo undergoes total remodeling at gastrulation, and the three
germ layers are specified. The neurula stage overlaps with the gastrula stage. At this time, neurulation
occurs, and some organs, including the heart and somites, are specified. After neurulation, the embryo
enters the tailbud stage, increases in length, and hatches from the vitelline membrane. Following
this, Xenopus tadpoles swim freely and begin to feed. After approximately eight weeks, the tadpoles
will complete metamorphosis, and the adult frog can live for up to 30 years. Xenopus illustrations ©
Natalya Zahn (2022)8°.
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1.3 Mucociliary epithelia

Xenopus has also emerged as a valuable model of mucociliary epithelia. Mucociliary epithelia
are specialized tissue types that generate and clear mucous and make up a critical part of
the vertebrate respiratory tract®!. In the respiratory system, the mucociliary epithelium in
the bronchi functions by trapping inhaled particles in mucous, which are then driven out by
fluid flow generated by the coordinated beating of cilia, to mitigate the threat of pathogens®?.
The Xenopus embryonic epidermis is composed of a similar mucociliary epithelium. In
the developing tadpole, mucous secretion and cilia beating enact several vital functions.
Mucous creates a protective barrier, and ciliary beating distributes antimicrobial peptides

and oxygenated water along the surface of the embryo®.

Functional impairment of mucociliary epithelia contributes to several diseases®>®*. Cystic
fibrosis is caused by thickened mucus in the lungs, which leads to impaired ciliary clearance®.
Patients with primary ciliary dyskinesia, a respiratory disorder, have stiff cilia that cannot
beat efficiently®®. Since the mucociliary epithelium is present on the embryo’s surface, it
is easy to access and image®!. Epidermal organoids, known as animal caps, can also be
easily generated from blastula-stage embryos, allowing for cleaner genomic analysis of the
epidermis without including all of the cell types of a whole embryo. The similarities between
the mucociliary epithelium of the mammalian lung and the Xenopus embryonic epidermis
make Xenopus embryos a powerful model system for studying ciliopathies and respiratory

illnesses involving the airway epithelium.

1.3.1 Cell composition of mucociliary epithelia

The Xenopus embryonic epidermis comprises two layers and five different cell types. The
deep layer consists of basal stem cells, some of which are specified into cell types that go on to
intercalate into the surface layer®-87:8% (Figure 1.6). The surface layer consists of goblet cells,
which are large, mucous-secreting cells and three intercalating cell types: ionocytes (ICs),
small secretory cells (SSCs), and multiciliated cells (MCCs) (Figure 1.8 A). ICs are ion-secreting

cells that help to regulate pH and osmolarity®®. SSCs secrete mucus and serotonin, controlling
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the rate of cilia beat. Finally, MCCs , which contain hundreds of motile cilia that beat to
generate fluid flow. These five cell types form a characteristic mucociliary epithelium similar

to what is found in the human respiratory tract, brain, or reproductive tract.

lonocyte or
small secretory cell
/
///
//
//
7

|

Multiciliated cell

Goblet cell

Figure 1.6: Cell types of the mucociliary epithelia. Confocal image showing the surface of an NF 28
Xenopus laevis embryo. Mucociliary epithelia are composed of two cell layers. The deep layer consists
of basal stem cells that are specified into the intercalating cell types, ionocytes (ICs), multiciliated
cells (MCCs), and small secretory cells (SSCs). These cells intercalate at the apices of goblet cells.
Here, the actin of cell borders is stained with phalloidin (red), cilia are stained with an antibody against
acetylated alpha-tubulin (magenta), basal bodies are marked with hyls1-GFP (green), and nuclei are
stained with DAPI (blue).

1.3.2 Multiciliated cell structure

MCCs are a highly specialized and differentiated cell type found on the surface of the de-

veloping Xenopus embryo. They are motile and beat in a polarized and coordinated manner
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to generate directional fluid flow from anterior to posterior. MCCs contain hundreds of cil-
iary axonemes, consisting of a typical 9+2 microtubule structure: 9 pairs of microtubules,

with two additional undoubled microtubules”?-2

. Cilium motility is driven by the sliding
of axonemal dynein arms, which bend relative to each other to generate cilia stroke. Each
cilium is contained by a specialized membrane composed of phospholipids that adjoins to
the surrounding plasma membrane. The ciliary membrane regulates many aspects of cilium
biology, including forming and maintaining the axnoneme®?. The region at the base of the
cilium is known as the ciliary transition zone, which acts as a gate, controlling the entry
and exit of ciliary proteins from the basal body to the axoneme®*%. The transition zone

also contains the transition fibers responsible for anchoring the basal bodies to the ciliary

membrane®3.

Each ciliary axoneme is nucleated by a specialized type of centriole called a basal body.
Basal bodies consist of 9 microtubule triplets, typical of the centrioles found anchoring the

primary cilia of cycling cells®%

. Basal bodies acquire several accessory structures, including
transition fibers and basal feet for stabilization, and the rootlet, which helps anchor the cilia

but also determines axoneme polarity and may act as an interface for cellular signaling®’.

Basal body spacing and polarity are supported by an apical lattice of F-actin®®°°. This lattice
is composed of two pools of actin, a meshwork-like actin cap that surrounds the basal bodies,
allowing the cilia to emerge from the gaps and a deeper subapical meshwork that connects
the basal bodies to the rootlets of neighboring basal bodies®. The apical F-actin meshwork
coordinates cilia polarity and beating and reinforces basal bodies to withstand the shear

£100,101

stress of cilia movemen —see Figure 1.7 for an overview of motile cilia structure.

1.3.3 Multiciliogenesis

The formation of multiciliated cells, or multiciliogenesis, is a highly dynamic cellular process
(shown in Figure 1.8). Once progenitor cells exit the cell cycle, they face the unique challenge
of generating hundreds of centrioles that will mature into basal bodies. This massive centriole
amplification stands in stark contrast to other cell types that only replicate their centrioles

once per cell cycle®?L192 The amplification of centrioles is achieved through three pathways.
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The first is the centriole-dependent pathway, similar to canonical centriole amplification.

The original mother centriole is used as a template for centriole amplification (Figure 1.8 B).

9 + 2 Motile Cilium

Radial
Spokes

Microtubule
Singlet

Ciliary Membrane Dynein Arms

Microtubule Doublet

Axoneme
Plasma Membrane / Y- Links
Transition Zone
Transition Fibres Basal Body

L/

Daughter Centriole

AV

Figure 1.7: Model of a single motile cilia. The ciliary axoneme consists of a typical 9 + 2 microtubule
structure: 9 pairs of microtubules around two central microtubule singlets connected by radial spokes®?.
Inner and outer dynein arms on the microtubule doublets generate force for ciliary beating. The ciliary
axoneme is encapsulated in a specialized ciliary membrane that fuses to the cell's plasma membrane.
The ciliary transition zone controls the entry and exit of proteins to the cilia. The axoneme is nucleated
and anchored by a basal body, a specialized type of centriole.

The deuterosome-dependent pathway generates 90% of basal bodies and relies on an
electron-dense structure called the deuterosome. The deuterosome, composed of a pro-
tein core of DEUPI, localizes to nuclear pore complexes and provides a platform for centriole
formation!%194  After amplification, the centrioles on the surface of the deuterosome grow
and mature into basal bodies and are released from the nuclear pore. The transition between
these phases is controlled by attenuated levels of the mitotic oscillator, a series of cell cycle

regulators that includes CDK1/2, PLK1, and APC/C!%.
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It has recently been shown that centriole amplification can occur in the absence of both the
deuterosome and centrioles. While the precise mechanism of de novo centriole amplification
is unclear, procentrioles emerge from the pericentriolar cloud!?®. This pathway alone can
generate typical basal body numbers, and the resulting MCCs look normal in function and

morphology!?’.

Once basal bodies are mature, they migrate to the apical surface of the cell by vesicular
transport!?®109, On the Xenopus epidermis, basal bodies dock with an even spacing facilitated
by the apical actin network®®%?. When the basal bodies reach the apical surface, the ciliary
axoneme is assembled based on the transport of ciliary components along the axoneme
microtubules by intraflagellar transport (IFT) machinery, which maintains the axoneme once

multiciliogenesis is complete!l°.

Underlying these cellular rearrangements, MCC fate is specified via a complicated gene ex-
pression program!®2, First, lateral Notch inhibition selects for MCC identity by inducing the ex-
pression of multicilin, the master regulator of the multiciliogenesis''»!12, This can be further
regulated in Xenopus by microRNAs, miR-34/449s, which repress notch signaling!'®. Multicilin
then binds E2F4/5 transcription factors, which induce cell-cycle exit and initiate the differen-
tiation program. Further downstream, transcription factors play essential roles in forming
crucial MCC structures. C-MYB, a protein that typically promotes S-phase entry, orchestrates
basal body formation. Loss of C-MYB causes a block in basal body amplification''"112, Deple-
tion of CCNO, a cyclin-like protein, has been shown to have a similar phenotype to C-MYB
depletion and plays a critical role in basal body biogenesis!>!'%114  Simultaneously, RFX
family transcription factors and FOXJ1 control cilia biogenesis by regulating genes associated

with ciliary axoneme growth, apical docking, and cilia motility'>-!'7 (Figure 1.8 C).
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Figure 1.8: The cellular and genetic programs of multiciliogenesis. A) Multiciliated cells (MCCs) are
specified from basal stem cells. At the neurula stage, MCC progenitors begin to intercalate into the
upper cell layer at the apices of goblet cells. Intercalated MCCs mature and form cilia. B) Specified
MCC progenitors exit the cell cycle and become post-mitotic. In the amplification phase, deuterosomes
form on the nuclear pore complex and generate up to 300 basal bodies. During the growth phase,
these basal bodies increase in size. At the disengagement phase, basal bodies are released from
the deuterosomes and migrate to the cell’s apical surface. Once they have docked, basal bodies
enucleate ciliary axoneme formation, resulting in a mature multiciliated cell. Adapted from'. C)
The Multiciliogenic gene expression program begins by specifying MCC progenitors by lateral Notch
inhibition. Multicilin, the master regulator of multiciliogenesis, initiates a cascade of downstream
ciliogenic transcription factors regulated through E2F4/5. This includes RFX2/3, which regulate cilia;
FOXJ1, which controls cilia and actin formation; and C-MYB and CCNO, which regulate basal body
biogenesis. Adapted with permission'®?.

Multiciliated cells are highly specialized and must undergo total cellular remodeling. A net-
work of transcription factors tightly controls this complex differentiation process. However,
multiciliogenesis may also be controlled on the epigenetic level. Our lab previously proposed

a link between multiciliated cells and H4K20 methylating enzymes'®.

19



Introduction

1.4 H4K20 methylation

Methylation of H4K20 was one of the first described histone modifications'?®!?! and can
be mono- di- or tri-methylated. Each state is present at different abundances on the chro-
matin and conveys different functions. Approximately 10% of H4 is unmethylated, 10% is
monomethylated, 80% is dimethylated, and only about 1% is trimethylated'??-12°, H4K20
is written in a cell-cycle dependent manner, and thus, the levels of each methylation state
vary strongly across the cell cycle, as shown in Figure 1.9. During S-phase, newly synthe-
sized, unmethylated histones are incorporated into the chromatin. Starting late in S-phase,
SETS8 writes the monomethyl mark in an indiscriminate manner!?®. The monomethyl mark
persists until the G1 phase, when SET8 is degraded. At this point, H4K20me2, written by suv4-
20h1/kmt5b and suv4-20h2/kmt5c, becomes the dominant mark on the chromatin. Following
this, H4K20me3 is established at heterochromatin. Suv4-20h1 and 2 may have partially over-
lapping or redundant functions. In some systems, both enzymes have been shown to write the
dimethyl mark, while in others, suv4-20h1 is solely responsible for writing the dimethyl mark,
while suv4-20h2 writes the trimethyl mark®>!?’. Once again, in S-phase, DNA replication
dilutes methylated histones, and the methylation cycle begins anew. H4K20 methylation
levels also change throughout development, with the higher methylated states accumulating

as the epigenome matures'??,
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Figure 1.9: H4K20 methylation state abundance varies throughout the cell cycle. Adapted with
permission'28,

H4K20 methylation marks are reversible, and there are several H4K20 demethylases (Fig-

ure 1.10). The first is PHF8, a JmjC domain-containing protein that erases H4K20mel into
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unmethylated H4K20. PHFS also has activity towards H3K9me1/2'2%130, 1t is targeted to pro-
moters by its PHD finger, which binds to H3K4me3. H4K20me?2 can be converted to H4K20mel
by RSBNI, a protein originally identified as a histone demethylase in C. elegans, where it is
known as dpy-21. Inactivation of dpy-1 reduces X-chromatin compaction and disrupts the
formation of TADs during X-inactivation®3!. The final H4K20 demethylase is hHR23b, which
has been shown in vitro to have demethylating activity towards all three H4K20 methylation
states, but this has not yet been verified in vivo. Mass spectrometry data and mathematical
modeling from our lab have shown that in the absence of the cell cycle and S-phase dilution,
122

H4K20 demethylases are required to maintain histone methylation at the observed levels

thus making histone demethylation an essential process in this system.
PHF8 ‘ RSBN1

Figure 1.10: Writers and erasers of H4K20 methylation state. H4K20me1 is written by SET8 and erased
by PHF8. H4K20me2 can be written by suv4-20h1/2, and suv4-20h2 further writes H4K20me3. RSBN1
erases H4K20me2 into H4K20me1, and hHR23b has demethylating activity towards all three methyl
states.

Each H4K20 methyl state also has a distinct functional connotation. The function of unmethy-
lated H4K20 is largely unknown, though it has been proposed to play roles in DNA repair.
As previously mentioned, the dimethyl mark is the most abundant histone modification,
present in up to 80% of H4 tails. H4K20me2 has several reader molecules which enact differ-
ent functions'?®, H4K20me?2 recruits 53BP1 to DNA damage sites to facilitate non-homologous
end joining. ORC1 also reads H4K20me2, and H4K20me?2 plays a role in ORC licensing and pre-
venting ORC refiring®. H4K20me3 is a hallmark of constitutive heterochromatin. Suv4-20h2
is recruited via HP1 to heterochromatin, where it deposits the trimethyl mark. Its localization

to heterochromatin makes it strongly associated with transcriptional repression!?’

The transcriptional effect of H4K20 monomethyl remains ambiguous, as this mark seems
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to be both a transcriptional activator and repressor. In favor of transcriptional activation,
the mark is found primarily in the gene bodies of active genes!®?. A chromatin immunopre-
cipitation (ChIP) with sequencing (seq) panel of 20 histone lysine and arginine methylation
marks found all monomethylation marks to be linked to gene activation!3®. Correlated ChIP-
and ATAC-seq data also suggest that H4K20mel facilitates the expression of short house-
keeping genes'®2. On the other hand, the knockdown of SETS leads to a two-fold increase
in the expression of H4K20mel target genes'®*. In addition, H4K20mel plays a role in chro-
matin compaction, as mammalian cells lacking the mark could not compact appropriately
in preparation for mitosis. H4K20mel is also read by L3MBTLI1, which is directly involved
in chromatin compaction'®>1%6137 H4K20mel has also been shown, using mintbodies, to
coat the inactive X chromosome in mouse cells!®. Lastly, demethylation by PHF8 has been
demonstrated to derepress a subset of E2F1-regulated promoters'?®. The role of H4K20mel in
transcription is up for debate, and it could be that H4K20mel function is dependent on local
context or combinatorial effects with other histone modifications. In this study, we wrestle
with the ambiguity of the transcriptional role of H4K20mel by knocking down suv4-20h1 and
suv4-20h2, the enzymes that write H4K20me2 and H4K20me3.

1.4.1 The role of H4K20 writers and erasers in development

The cast of enzymes that write and erase H4K20 methylation states also play critical roles
in embryonic development and cellular differentiation'?3. SETS8, the enzyme that writes
H4K20mel, is required for embryo survival. Mice lacking SETS8 die before reaching the 8-cell
state, and SET8 knockdown in Drosophila leads to death by the late larval stage. SET8 is es-
sential for cell cycle progression, DNA damage repair, and chromosome condensation in
mammalian cells'?®. In U20S cells, loss of SET8 has been shown to decrease overall chro-
matin compaction as well, and generally, H4K20mel is considered necessary for maintaining
genome stability!®*. Knockdown of PHFS, the H4K20mel eraser, has deleterious effects on the
cell cycle, causing G1/S delay in HeLa cells'?®. Additionally, PHF8 depletion has been shown
to cause several developmental defects in zebrafish, including craniofacial abnormalities.
The pharyngeal arches fail to develop correctly, and jaw development is impaired!3?. PHFS is

also linked to neurodevelopmental defects by causing apoptosis in the neural tube and brain.
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PHF8 knockout mice have compromised learning and memory, and mutations of PHF8 are

also linked to Siderius X-linked intellectual disability'*.

Suv4-20h1 and suv4-20h2 are often studied in parallel. These enzymes share sequence ho-
mology, some redundant functions, and a common methylation target but also have distinct
structural and functional aspects. Both enzymes have a catalytic SET domain, an N-terminal
helical domain, and a post-SET domain!#542, The catalytic domains of suv4-20h1/2 share 65%
sequence similarity, and their homology to other SET domain-containing proteins is low!*?.
However, while suv4-20h2 has very few splice isoforms, suv4-20h1 has a variety of alternative

transcripts, which may point to differences in regulation, localization, or activity'*!.

Suv4-20h1 and suv4-20h2 also play different roles in development. Suv4-20hl is expressed
ubiquitously during development in mice, while the abundance of suv4-20h2 is much lower,
which may translate to different functional requirements of the two enzymes. Mice lacking
suv4-20h1 are born at sub-mendelian ratios, and the pups are smaller and die soon after
birth'?’. Suv4-20h1/2 double knockout mice also die perinatally. On the other hand, Suv4-20h2
null mice do not exhibit embryonic lethality and appear to develop normally'?’. In myeloid
leukemia cells, suv4-20h1 depletion is associated with G1 arrest and growth inhibition. Suv4-

20h1 is also a known autism spectrum disorder risk factor gene!*.

The consequences of suv4-20h1 and suv4-20h2 loss are also strong in Xenopus. Double knock-
down of suv4-20h1/2 with translation-blocking morpholinos leads to several phenotypes of
ectodermal origin. These embryos lack both melanocytes and eyes and have craniofacial
abnormalities. Additionally, these embryos fail to undergo neuroectodermal differentiation,
with the primary neuronal markers disappearing in knockdown embryos, including Notch
ligand, Delta-like 1 (d111)}**. Outside of neurogenesis, dll1 is involved with the specification
of MCCs through lateral inhibition. Increased levels of dll1 lead to repression of the multi-
ciliogenic fate in favor of other intercalating cell types. Most interestingly, while dll1 was
abolished from the primary neurons upon suv4-20h1/2 knockdown, it increased in the em-
bryonic epidermis. This was the first indication that suv4-20h1/2 could have a function in

multiciliogenesis®.
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1.4.2 Suv4-20h enzymes and multiciliated cells

Indeed, multiciliated cells from Xenopus embryos lacking suv4-20h1/2 are severely deformed.
They have fewer, shorter cilia that fail to beat in a polarized manner, they have a reduced
actin cap, and clumped basal bodies!*>!#¢, However, the molecular mechanisms behind this
phenotype have not been fully elucidated. Additionally, since suv4-20h1/2 have primarily
been depleted together, the individual contributions of these enzymes to ciliogenesis remain

unknown.

Clearly, there are many open questions surrounding the role of suv4-20h1/2 in multiciliogen-
esis. Understanding the epigenetic regulation of multiciliated cells by H4K20 methylating
enzymes will not only contribute to our knowledge around differentiation of specialized cell

types, it could also have implications for respiratory illness involving mucociliary epithelia.

1.5 Objectives

This thesis aims to further explore the connection between H4K20 methylating enzymes and

multiciliated cells and address three major objectives:

1. Determine whether an H4K20 demethylase can rescue the ciliogenic defect
2. Define the independent contributions of suv4-20h1 and suv4-20h2 to ciliogenesis

3. Explore the molecular mechanisms underlying the multiciliogenic defect

To reach these aims, we take advantage of the Xenopus embryonic system in a variety of ways.
We generate mosaic embryos for phenotypic analysis by whole mount immunocytochemistry
and confocal microscopy, profile H4K20 methylation state abundancies using mass spec-
trometry, and generate ectodermal explants, known as animal caps, to perform RNA-seq
and ATAC-seq. This powerful combination of phenotypic, proteomic, and genomic analysis
will provide valuable insight into the role of H4K20 methylation in development and cellular

differentiation.
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2.1 Materials

MATERIALS AND METHODS

Antibodies
Table 2.1: Antibodies
Name Dilution Method Company
Monoclonal 1:500 ICC Sigma-Aldrich
o -mouse Confocal (T6793)
acetylated « -tubulin
goat-a-mouse 1:5000 ICC Abcam
IgG AP-Conjugate (ab97262)
2° goat-a-mouse 1:500 Confocal Thermo Fisher

Alexa Fluor™ 647

Scientific (A21236)

Bacteria
Table 2.2: Bacterial strains for cloning
Name Company
5-alpha Competent E. coli (High Efficiency) New England Biolabs
(C2987)
XL1-Blue Competent Cells Stratagene
(200249)
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Dyes
Table 2.3: Dyes
Name Dilution Method Company
DAPI 1:50 Confocal Sigma
(D9542)
Alexa Fluor™ 555 Phalloidin  1:20 Confocal Cell Signalling
(8953)
Dextran, Alexa Fluor™ 488  Diluted from ICC Invitrogen
50mg/pl Embryological (D22910)
methods
Morpholinos
Table 2.4: Morpholinos and Sequences
Name Sequence
X1, Xt Suv4-20h1 (H1Mo) 5’ ggattcgcccaaccacttcatgeca 3’
X1 Suv4-20h2 (H2Mo) 5’ ttgcegtcaaccgatttgaacccat 3’
Xt Suv4-20h2 (H2Mo) 5'ccgtcaagcgatttgaacccatagt 3’
Control (CoMo) 5’ cctcttacctcagttacaatttata 3’

All morpholinos are ordered from GeneTools, LLC. Morpholinos were designed to target both

homeologs for suv4-20h1/2.
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Plasmids
Table 2.5: Plasmids for mRNA Microinjections
Name Provided by Restriction Polymerase
Enzyme
pCS2+suv4-20h1 wt R. Rupp/A. Angerilli ~ Ndel SP6
(X. tropicalis)
pCS2+suv4-20h1 mut2 R. Rupp /J. Tait Ndel SP6
(X. tropicalis)
pCS2+PHF8 Full-length Dharmacon / Fspl SP6
(Human) Horizon Discovery
pCS2+Hyls1l-GFP A. Dammermann Notl SP6
(X. laevis)
pCS2+LacZ R. Rupp Notl SP6
(nB-Galactosidase)
pCS2+MCI-hGR P. Walentek Notl SP6
(X. laevis)
pCS2+PHFS (1-489) R. Shiekhattar Sall T7
NLS wt (Human)
pCS2+PHFS8 (1-489) R. Shiekhattar Sall T7
NLS mut (Human)
Primers
Table 2.6: Primers for point mutagenesis
Name Sequence
C.i. xtSuv4-20h1 N264A 5’ ggctagggeccgetgectttattgeccatgattgeeggectaactg 3’
(Forward)
C.i. xtSuv4-20h1 N264A 5’ cagttaggccggeaatcatgggeaataaaggeagegggecctagece 3’
(Reverse)
C.i. xtSuv4-20h1 Y299A 5’ ctggagaagagatttcctgttatgcaggggatggcettttttggagaaaa 3’
(Forward)
C.i. xtSuv4-20h1 Y299A 5’ ttttctccaaaaaagccatcccccgtataacaggaaatctcttctccag 3’
(Reverse)
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Kits
Table 2.7: Kits
Kit Name Application Company
D5000 ScreenTape Kit RNA-seq Agilent
ATAC-seq (5067-5582)
High Sensitivity D5000 RNA-seq Agilent
ScreenTape Kit ATAC-seq (5067-5592)
High Sensitivity RNA RNA-seq Agilent
ScreenTape Kit (5067-5579)
Nlumina®Tagment DNA ATAC-seq Mlumina
Enzyme and Buffer (20034197)
NucleoBond®Xtra Midi Cloning Machery Nagel
ATAC-seq (740410.50)
NucleoSpin®Gel and PCR Cloning Machery Nagel
Clean-up ATAC-seq (740609.250)
NucleoSpin®Plasmid (NoLid)  Cloning Machery Nagel
ATAC-seq (740499.250)
NucleoSpin®RNA Clean-up In vitro transcription Machery Nagel
RNA-seq (740903.10)
NEBNext®Poly(A) mRNA RNA-seq New England Biolabs
Magnetic Isolation Module (E7490S)
NEBNext®Ultra™ II Directional RNA-seq New England Biolabs
RNA Library Prep Kit for (E7760S)
Nlumina
NEBNext®Multiplex Oligos for ~RNA-seq New England Biolabs
INlumina®(Index Primers Set 1) (E7335S)
NEBNext®Multiplex Oligos for ~ RNA-seq New England Biolabs
Illumina®(Index Primers Set 2) (E75008)
MinElute®PCR Purification Kit  Cloning Qiagen
ATAC-seq (28006)
RNeasy®Mini Kit In vitro transcription Qiagen
RNA-seq (74104)

QuikChange Site-Directed
Mutagenesis Kit

Point Mutagenesis

Stratagene (Agilent)
(200518)
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Reagents

Table 2.8: Reagents used in the thesis

Solution Application Company
L-Cysteine hydrochloride Embryo Handling Sigma-Aldrich
monohydrate (C7880-5006)
Gentamycin solution Embryo Handling Sigma Aldrich
(G1272-100ML)
Agarose Embryo Handling Bio&Sell
Electrophoresis (B520.46.50)
Human Chorionic Frog Priming MSD Animal Health
Gonadotropin (Ovogest)
Nitro blue tetrazolium (NBT)  Immunocytochemistry Roth
(4421.3)
5-Bromo-4-Chloro-3-indoyl-  Immunocytochemistry Roth
phosphate (BCIP) (6468.2)

Heat Inactivated Lamb Serum  Immunocytochemistry Life Technologies
(16070096)
Bovine Serum Albumin Immunocytochemistry GE Healthcare
(Fraction V) (K45-001)
Levamisole Immunocytochemistry Sigma-Aldrich
(L9756-5G)
Benzonase Protein Extraction Merck
(1.01654.0001)
ROTI®Load Limmli Buffer Protein Extraction Roth
(K929.1)
dNTPs PCR New England Biolabs
(N0447S)
NAD Cloning New England Biolabs
(B9007S)
T5 exonuclease Cloning New England Biolabs
(M0363S)
Phusion Polymerase Cloning New England Biolabs
(M0530S)
Taq Ligase Cloning New England Biolabs
(M0208S)
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Standard stock solutions

Table 2.9: Standard stock solutions

Solution Application Recipe
10x MMR Embryo Handling 1M NaCl
20 mM KC1

10x MBS Embryo Handling

10x Steinberg Embryo Handling
Solution (SS)

Testes Buffer Storage of Testes

MEMFA Immunocytochemistry

AP Buffer Immunocytochemistry

10 mM MgS04-7H,0

20 mM CaClz-ZHQO

50 mM HEPES free acid

pH adjusted to 7.4-7.8 with NaOH

880 mM NaCl

10 mM KC1

24 mM NaHCO;

8.2 mM MgSO,

3.3 mM Ca(NO3)2

100 mM HEPES

Adjust to pH 7.6 with NaOH

10 pg/ml Gentamycin (upon dilution)

580 mM NaCl
6.7mM KCL

3.4 mM CaNO3
3.4 mM CaNOs3
8.3 mM MgSO,4
8.3 mM MgSO,4
50 mM Tris
0.1g Kanamycin

0.8x MBS

20% Heat Inactivated
Chicken Serum (Gibco)
200 U/ml Penicillin

200 U/ml Streptomycin

0.1M MOPS
(3-(N-Morpholino)-propanesulfonic
acid)

2 mM EGTA

1 mM MgSO4

3.7% Formaldehyde

100 mM Tris/HCI pH 9.5
100 mM NacCl

50 mM MgCl,

0.1% Tween 20

0.25 mg/ml Levamisole
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Solution Application Recipe
PBT Immunocytochemistry 1x PBS
2mg/ml BSA
0.1% TritonX-100
Antibody Buffer Immunocytochemistry 1x PBT
10% Heat inactivated lamb serum
20x SSC Immunocytochemistry 3M NacCl
0.3 M Sodium citrate
adjust to pH 7.0 with HCI]
Bleaching Immunocytochemistry 1% Hydrogen Peroxide
Solution 5% Formamide
0.5% SCC
10x TBE (pH Gel Electrophoresis 100 mM Tris/HCI
8.6) 83 mM borate
0.1 mM EDTA
20x TAE Gel Electrophoresis 2 M Tris
1M glacial acetic acid
0.05 M EDTA
SOC Medium  Cloning 20 mg/ml Tryptone
5 mg/ml Yeast extract
0.5 mg/ml NaCl
20 mM glucose
Gibson Cloning 450 mM Tris/Cl
Assembly 5x 25% PEG 8000
Buffer 50 mM MgCl,
50 mM DTT
1 mM dNTPs
5 mM NAD
Gibson Cloning 1.33x 5x Buffer
Assembly 1.33x 0.005x T5 exonuclease
Final Reagent 0.033 U/pl Phusion Polymerase
Mix 5.33 U/ul Taq Ligase
RSB ATAC-seq 10 mM Tris-HCl, pH 7.5
4 mM MgCl,
10 mM NaCl
ATAC Lysis ~ ATAC-seq 90% RSB
Buffer 10% Igepal CA-630

Protein Lysis
Buffer

Protein Extraction

10 mM Tris-HCL, pH 7.5
100 mM NacCl,

0.5 % NP40

0.1% SDS
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Equipment

Table 2.10: Equipment
Item Company
TapeStation 4200 Agilent
DS-11 Spectrophotometer Denovix
Tabletop Centrifuge (Centrifuge 5424) Eppendorf
Confocal microscope (TCS SP8X) Leica
Stereomicroscope (M205 FA) Leica

Qubit 3.0 Fluorometer

Lightcycler 480

Flaming/Brown Micropipette Puller P-87
Picoliter Injector PLI-100A

Dissecting Microscope (Stemi SV6)

Life Technologies
Roche

Sutter Instrument
Warner Instruments

Zeiss

Software
Table 2.11: Commercial software used in this thesis

Software Company
Affinity Designer Affinity
TapeStation Controller Software Agilent
LASX Leica
LAS v4.13 Leica
Image Studio Lite LI-COR
Lightcycler 480 Software Roche
SnapGene SnapGene
Image J Wayne Rasband
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Indices for RNA-seq libraries

Table 2.12: Indices for RNA-seq: Suv4-20h/2 Double Knockdown

Sample Name

Index Number

Index Sequence

CoMo 1
Lacz1
Phf8 1
Rescue 1
CoMo 2
Lacz 2
Phf8 2
Rescue 2
CoMo 3
Lacz 3
Phf8 3

Rescue 3

© 0 N o A W N =

e =
N = O

ATCACG
CGATGT
TTAGGC
TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
GGCTAC
CTTGTA

Table 2.13: Indices for RNA-seq: Suv4-20h1 and Suv4-20h2 Single Knockdown

Sample Name

Index Number

Index Sequence

CoMo 1
H11
H21
CoMo 2
H12
H22
CoMo 3
H13
H23

O© 0 N o s

11
12

TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
GGCTAC
CTTGTA
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Table 2.14: Indices for RNA-seq: MCI-hGR

Sample Name Index Number Index Sequence
CoMo 1 13 AGTCAA
CoMo + Dex 1 1 GGCTAC
CoMo +MCI 1 15 ATGTCA
H1+MCI1 16 CCGTCC
CoMo 2 18 GTCCGC
CoMo + Dex 2 19 GTGAAA
CoMo + MCI 3 20 GTGGCC
H1+MCI3 21 GTTTCG
CoMo 3 22 CGTACG
CoMo + Dex 3 23 GAGTGG
CoMo + MCI 3 25 ACTGAT
H1+ MCI 3 27 ATTCCT

All indexing primers come from NEBNext® Multiplex Oligos for Illumina® (Index Primers

Sets 1 and 2)
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Indices for ATAC-seq

Table 2.15: Indices for ATAC-seq

Sample Name Index Name Index Sequence
CoMo 1.1 Ad2.1 TAAGGCGA
CoMo 1.2 Ad2.2 CGTACTAG
Hi11 Ad24 TCCTGAGC
H11.2 Ad2.5 GGACTCCT
H11.3 Ad2.6 TAGGCATG
CoMo 2.1 Ad2.13 TGGATCTG
CoMo 2.2 Ad2.15 TGCTGGGT
H121 Ad2.16 AGGTTGGG
H12.2 Ad2.17 GTGTGGTG
H12.3 Ad2.18 TGGGTTTC
CoMo 3.3 Ad2.11 AAGAGGCA
H1 3.2 Ad2.19 TGGTCACA
H13.3 Ad2.20 TTGACCCT

ATAC-seq indexing primers are from [147].

2.2 Methods

2.2.1 Xenopus methods

Xenopus laevis and Xenopus tropicalis were acquired from Nasco and Xenopusl. Xenopus exper-
iments adhere to the Protocol on the Protection and Welfare of Animals and are approved by

the local Animal Care Authorities (license number: 03-22-042).

Xenopus laevis females were pre-primed by injecting 50 IU of human chorionic gonadotropin

(hCG) (Ovogest®, MSD animal health) into the dorsal lymph sac one week before use. The
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night before use in egg laying, they were stimulated by an injection of 500 IU of hCG. The
frogs were kept at 16-18°C overnight and would begin to lay eggs approximately 15 hours after
injection. Xenopus tropicalis females were primed the night before use with 10 IU of hCG and
kept at 23°C overnight. The following day, they were boosted with 150 IU of hCG and began to
lay within 5 hours of injection. The females were kept in 1x Marc’s Modified Ringer’s solution
(MMR), laid eggs were collected from the buffer, and additional eggs were collected by gentle

squeezing. Females were rested for three months before subsequent use.

Male frogs were anesthetized with 5 g/l tricaine methanesulphonate (Pharmagq). Once the
animals were non-responsive (approximately 30 minutes), they were decapitated, and the
testes were surgically removed and stored at 4°C in testes buffer for a maximum of 10 days

(Xenopus laevis) or three days (Xenopus tropicalis).

In vitro fertilization and embryo culture

Testes were homogenized with a scalpel (Xenopus laevis) or a pestle fitted to an Eppendorf
tube (Xenopus tropicalis) and diluted with 1x MMR. As much buffer as possible was removed
from the Petri dish containing the oocytes and replaced with the testes solution. The oocytes
were allowed to rest for 5-10 minutes, and then the Petri dish was flooded with 0.1x MMR.
Embryos were incubated at 23°C and monitored after 20 minutes for cortical rotation, a sign
of fertilization. The protective jelly coat of the embryos was removed after approximately
one hour by incubating in 2% L-cysteine hydrochloride (monohydrate) in 0.1x MMR for 5-10
minutes, followed by three washes with -0.1x MMR. At 23°C, the first cleavage occurs after

approximately 1.5 hours.

Microinjections

Embryos were fixed in place using Petri dishes half-filled with 1% agarose in 0.1x MMR and im-
planted using a silicone mold to create wells approximately the size of a Xenopus egg. Needles
were made by pulling glass capillaries using a Flaming/Brown Micropipette Puller (Sutter
Instrument Co, Model P-97) and pulled needles were calibrated under a stereomicroscope

(Stemi SV6, Zeiss). First, the needle tip was broken to allow backward filling. Then, it was
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broken further until it could deliver a drop size of approximately 5 nl at an injection pressure
of 30 psi for 0.4 seconds. Injection time was further adjusted to deliver smaller volumes as
necessary. Injections were performed using a Picoliter Injector (Warner Instrument PLI100A)
at a fixed pressure of 30 psi. Depending on the embryo stage at injection time, injection
duration ranged from 0.05 - 0.4 seconds. Xenopus laevis blastomeres were injected with a
volume per cell of 5 nl at the 2-cell stage, 2.5 nl at the 4-cell stage, and 1.25 nl at the 8-cell
stage. After microinjections, embryos were incubated in 0.1x MMR with 10 pg/ml gentamicin
sulfate, an antibiotic that protects against bacterial infection. Culture temperature varied
between 12-23°C depending on the application, and embryos were staged according to the
Nieuwkoop Faber table of Xenopus development. The embryos were checked periodically,

and dead embryos and debris were removed from the Petri dish.

Animal cap dissection, culture and induction

Mid- to late-blastula stage embryos (NF9) were placed in Steinberg’s Solution. The blastocoel
roof was cut with fine forceps (Fine Science Tools). The animal caps were then transferred to a
fresh dish and placed into individual wells to avoid amalgamation and watched to ensure that
they rounded up, indicating a successful explantation. They were incubated in Steinberg’s
Solution between 12-23°C alongside sibling embryos for staging. At the midgastrula stage (NF
11), 10 uM dexamethasone (Sigma) was added to induce nuclear translocation of hormone

inducible multicilin (MCI-hGR) protein in injected animal caps.

2.2.2 Nucleic acid methods

Gel electrophoresis

Agarose gel electrophoresis was used to size-separate and visualize fragments of nucleic
acids. Typically, gels were prepared from a 1% agarose solution in 1x TBE buffer. Samples
were loaded onto the gel with 6x Gel loading dye (NEB) alongside 1 kb or 100 bp DNA ladders.
Gels were stained with Midori Green Advance (NIPPON Genetics), run at a voltage between

75-130 V for 1-2 hours, and visualized using the G:BOX Gel Documentation System (Syngene).
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Standard polymerase chain reaction (PCR)
For standard PCR, the following components were combined in a PCR tube:

Table 2.16: PCR Reaction Components

Component Volume

5x Phusion HF GC Buffer 5ul

Template 1l

Forward Primer 100 ng/ul

Reverse Primer 100 ng/ul

Phusion DNA Polymerase 0.5 ul

H,0 to a final volume of 25 ul

The reactions were then run with the following cycling conditions:

Table 2.17: Cycling Conditions for PCR

Step Temperature Time Cycles
Initial denaturation 94°C 30 seconds 1
Denaturation 94°C 30 seconds variable
Annealing 55°C 30 seconds variable
Elongation 72°C 30 seconds variable
Final elongation = 72°C 7 minutes 1
Cooling 4°C Hold

Quantitative real-time PCR

Quantitative real-time PCR was performed by adding the following components to a 384-well

plate (Roche):
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Table 2.18: qPCR Reaction Mix

Component Volume
Template DNA 1ul
Fast SYBR Green MasterMix 5ul
3 uM Forward Primer 1ul
3 uM Reverse Primer 1ul
Nuclease free H,0 2ul

The following thermal cycling program was run on a LightCycler 480 (Roche):

Table 2.19: Cycling Conditions for qRT PCR

Step Temperature Time Cycles
Initial denaturation 95°C 5 minutes 1
Denaturation 95°C 10 seconds 2-4
Annealing 60°C 20 seconds 2-4
Elongation 72°C 30 seconds 2-4
Melting 95°C 5 seconds 2-4
Melting 65°C 1 minute 1
Cooling 4°C 30 seconds 1

In vitro transcription and mRNA synthesis

A volume of 10 pg of plasmid DNA were linearized in the following reaction conditions:
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Table 2.20: In vitro Transcription Reaction Components

Component Volume
10x Digestion Buffer 4ul
Plasmid DNA 10 ul
Restriction Enzyme 3ul
H,0 40 pl

The samples were incubated for at least one hour at 37°C. The reaction products were then
visualized on an agarose gel. Next, mRNA was synthesized by combining the following

components in a 1.5 ml Eppendorf tube:

Table 2.21: mRNA Synthesis Reaction Components

Component Volume
5x Transcription Buffer (Promega) 10 ul

10 mM NTP-Mix (Promega) 5ul

2 pg Linearized Plasmid DNA 8ul

25 mM G(’5)pppGceap analog (NEB) 5ul

100 mM DTT (NEB) 5ul
RNasin (NEB) 0.5 ul
SP6 RNA Polymerase (Promega) 2ul
DEPC treated H,O 40ul

The reaction was incubated for two hours at 37°C. An additional 1 ul of RNA polymerase was
then added and incubated further for two hours. Subsequently, 1 ul of DNase was added, and
the mixture was incubated for 30 minutes. The RNA was then purified using the RNeasy®Mini
Kit (Qiagen) according to the manufacturer’s instructions. Briefly, the sample volume was
adjusted to 100 pl with RNase-free water, followed by the addition of 350 ul of buffer RLT
and 250 pl of 100% ethanol. The samples were then applied to an RNeasy mini column
and centrifuged for 15 seconds in a tabletop centrifuge at 28000x g, with the flow-through

discarded. This was followed by two washes with 500 ul of buffer RPE. The samples were
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centrifuged for 15 seconds, then for 2 minutes, discarding the flow-through. An additional
centrifugation for one minute was performed to dry the columns, and the RNA was eluted in
30-50 pl of RNase-free water, followed by a final spin for one minute. RNA concentrations
were measured using a nanodrop spectrophotometer, visualized on an agarose gel, and stored
at -80°C. The typical concentration of this reaction product ranged from 400 ng/ul to 2 ug/ul,

with an injection dose of 50 to 900 pg/blastomere depending on the construct and application.

2.2.3 Cloning methods

Restriction digest

DNA digestion with restriction enzymes is used for two purposes. The first is to prepare
plasmids for ligation by fragmenting DNA at known sites. This method also provides a simple
way to check the validity of a plasmid during cloning. Since the restriction enzymes cut at
known sites, the fragment sizes can be predicted and verified on an agarose gel. Restriction

digest was performed by adding the following components to an Eppendorf tube:

Table 2.22: Restriction Digest Reaction Components

Component Volume
Plasmid DNA 1ug
Restriction Enzyme 1 1pg
Restriction Enzyme 2 1pul
CutSmart Buffer 2 ul

H,0 Up to 20 pl

The reaction is then incubated for one hour at 37°C, stopped by heat inactivation for 15

minutes at 65°C.
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Transformation and plasmid preparation

A volume of 5-7 ul of DNA was added to 100 ul of NEB™ 5-alpha Competent E. coli (New
England Biolabs), incubated on ice for 30 minutes, heat shocked at 42°C for 2 minutes, then
incubated for 3 minutes on ice. The cell mixture was added to 500 ul of SOC medium and
incubated for one hour at 37°C with shaking to confer Ampicillin resistance. Cells were plated
on LB Agar plates with Ampicillin using a sterilized inoculating loop and incubated until
individual colonies were visible and approximately 1 mm in diameter (typically 12-24 hours)
at 37°C. Individual bacterial colonies were selected and incubated in 5ml of LB medium with

0.1% Ampicillin for 12-24 hours at 37°C.

Cells were centrifuged for 5 minutes at 3500 g, and the LB medium discarded. Plasmids
were purified using Nucleospin®Plasmid Purification kit (Machery Nagel) according to the
manufacturer’s instructions. Plasmid identity was verified by restriction digest and Sanger
sequencing. Midi preps were generated using the Plasmid DNA purification (NucleoBond®Xtra

Midi/Maxi, Machery Nagel) kit and verified again by restriction digest.

Gibson Assembly

Gibson Assembly primers were designed to create overlaps between the vector and the
fragment, with each primer having an overhang of 15-40 base pairs. The PCR reactions

include the following components:
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Table 2.23: Insert and Vector PCR Reaction Components

Component Volume

5x Q5 Reaction Buffer 10 ul

10 mM dNTPs 1pl

10 uM Forward Primer 2.5ul

10 uM Reverse Primer 2.5 ul

Template Genomic DNA: 1ng-1pug
Plasmid DNA: 1 pg - 1ng

Q5 Polymerase 0.5 ul

H-,0 to a final volume of 50 ul

PCR reactions were performed separately for the vector and insert. The reaction is performed

in a thermocycler using the following cycling conditions:

Table 2.24: Cycling Conditions for Vector and Insert PCR

Temperature Time Cycles

98°C 30 seconds 1
98°C 10 seconds 25-35

50-72°C 30 seconds 25-35
72°C 30 seconds 25-35
72°C 30 seconds/kb template 25-35
72°C 2 minutes 25-35
4°C Hold 1

Next, the PCR products were visualized on a 1% TAE agarose gel. The insert and vector bands
were then cut out of the gel, and the DNA extraction was performed using the NucleoSpin®Gel
and PCR Clean-up (Machery Nagel) according to the manufacturer’s instructions and eluted
in 30 pl. The concentration was then measured on a NanoDrop spectrophotometer (Thermo

Fisher Scientific).

The Gibson Assembly reaction was performed with 0.02 to 0.5 pMol total DNA and a vector-to-
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insert ratio of 1:3 or 1:5. The final reaction volume was 20 ul, with 10 ul of homemade Gibson
Assembly Mastermix. The reaction mix was briefly mixed and centrifuged, then incubated at
50°C for 60 minutes in a thermal cycler. Samples were then transformed into DH5« cells and

further processed as described above.

Site-directed mutagenesis

Mutagenesis of the SET domain of the suv4-20h1 plasmid was performed using the Quikchange
Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s instructions

(primers can be found in Table 2.1). Briefly, the following components were added to a PCR

tube:
Table 2.25: Site-directed Mutagenesis Reaction Components
Component Volume
10x Reaction Buffer 5ul
DNA template 5-50 pl
Forward Primer 100 ng/ul
Reverse Primer 100ng/ul
dNTP mix 1ul
Q5 Polymerase 0.5 ul
H,0 to a final volume of 50 ul

Reactions were set up with increasing concentrations of plasmid DNA (5 ng, 10 ng, 20 ng,
50 ng) and overlaid with 30ul of mineral oil. The reactions were cycled in a thermal cycler

according to the following conditions:
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Table 2.26: Cycling Conditions for Site-directed Mutagenesis

Temperature Time Cycles
95°C 30 seconds 1
95°C 30 seconds 12-18
55°C 1 minute 12-18
68°C 1 minute/kb of plasmid length 12-18
4°C Hold 1

Next, 1 ul of Dpnl was added to the reaction and incubated for 1 hour to digest the parent
DNA. Finally, 1 pl of Dpnl-treated DNA was transformed into XL1-Blue supercompetent cells

(Stratagene) and further processed as described above.

2.2.4 RNA-sequencing

Either 10 Xenopus laevis animal caps or 30 Xenopus tropicalis animal caps per condition, per
biological replicate were harvested. Intact animal caps were snap-frozen on liquid nitrogen
and stored at -80°C until further use. RNA was extracted using the RNeasy®Mini Kit with On
column DNAse digestion. In short, 10 ul S-mercaptoethanol was added to 1 ml Buffer RTL.
The animal caps were homogenized in 350 ul of S-mercaptoethanol/Buffer RTL solution by
shaking at full speed in a thermomixer at 4°C for five minutes. Next, 350 ul of 70% ethanol
was mixed into the lysate. The samples were then transferred to an RNeasy Mini spin column
and centrifuged at full speed in a tabletop centrifuge (Eppendorf). Next, on-column DNA
digest was performed by incubating with DNase I at room temperature (approximately 24°C)
for 15 minutes. Finally, RNA cleanup was performed by centrifuging the column once with
Buffer RW1 and twice with Buffer RPE, followed by an additional centrifugation step to dry

the column. Samples were then eluted in 30ul of RNase-free water.

Total RNA was diluted and measured on a 4200 Tapestation (Agilent) on the HS RNA Screen-

Tape (Agilent) using the RNA ScreenTape Ladder (Agilent) and RNA ScreenTape Sample Buffer
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(Agilent). This allowed us to check RNA fragment size and provided an RNA integrity number
equivalent (RIN€) to measure RNA integrity, ensuring a score of at least 7. Library preparation
was performed using NEBNext®Ultra™ II Directional RNA Library Prep Kit for Illumina®(New
England Biolabs). PolyA(+) mRNA was selected for using the NEBNext®Poly(A) Magnetic Isola-
tion Module (New England Biolabs). NEBNext®Multiplex Oligos for Illumina®(Index Primers
Set 1 and 2) were used for sample indexing. Size selection was performed using AMPure
XP beads (Beckman Coulter). After preparation, the finished libraries were rerun on a 4200
Tapestation (Agilent) using the HSD1000 ScreenTape (Agilent). Sequencing was performed on
an [llumina NextSeq1000 (LAFUGA, Gene Center Munich, LMU), with 50bp paired-end reads

to a depth of 20 million reads.

RNA-seq data analysis

All data processing methods were applied using default parameters unless specified. Expres-
sion quantification was performed using kallisto (version 0.48) using XENLA_10.1 version of
the Xenopus laevis genome. In R/Bioconductor, expression data were collapsed from isoform
to gene level for downstream processing. Differential expression was assessed using DESeq?2
(version 1.42.1) using the experimental batch as random factor. RNA-seq data processing and

analysis was performed by Tamas Schauer and Tobias Straub.

2.2.5 Assay for transposase-accessible chromatin with sequencing (ATAC-seq)

To profile the change in accessibility in suv4-20h1 knockdown animal caps, we performed
ATAC-seq. This protocol was adapted from [148] and [147]. Two animal caps per condition
were transferred into low-binding Eppendorf tubes with 1 ml of ice-cold PBS. Samples were
centrifuged at 500 g for 5 minutes at 4°C. The PBS was removed, replaced with 50 ul of cold
ATAC Lysis Buffer, and homogenized by pipetting with a p200 pipette tip until no remain-
ing tissue was visible. The samples were centrifuged at 500 g for 20 minutes at 4°C. The

supernatant was removed, replaced with 50 pl of TAG mix, consisting of:
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Table 2.27: TAG mix components

Component Volume

TDE1 Buffer 25 ul

TDE1 Enzyme 1.88 ul

Nuclease Free H,O to a final volume of 50 ul

The reaction components were mixed by pipetting and incubated in a thermal cycler at 37°C

with 350 rpm shaking for precisely 30 minutes.

The reaction product was cleaned up using the MinElute®PCR Purification Kit (Qiagen). A
volume of 250 pl of buffer PB was added to the sample, mixed by inverting, and applied to
a MinElute column. The columns were centrifuged at top speed in a tabletop centrifuge
(Eppendorf) for one minute. 750 ul of Buffer PE was added to the sample, which was again
centrifuged for one minute at full speed. The columns were transferred to a fresh Eppendorf
tube and centrifuged for another minute to dry the membrane. To elute the DNA, 11 ul of kit-
provided elution buffer was added to the column, incubated for one minute, and centrifuged

at full speed for another minute.

The transposed DNA was then amplified by PCR by combining the following components in

a PCR tube:
Table 2.28: ATAC-seq Amplification PCR Reaction Components

Component Volume

NEBNext 2x PCR Master Mix 25 ul

Transposed DNA 10 pl

25 uM PCR Primer Adl, Index i5 2.5ul

25 uM PCR Primer Ad2, Index i7 2.5ul

Nuclease Free H,O 10 ul

The reaction was carried out in a Thermal Cycler under the following conditions:
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Table 2.29: Cycling Conditions for ATAC-seq PCR Amplification

Temperature Time Cycles
72°C 5 minutes 1
98°C 30 seconds 1
98°C 10 seconds 4
63°C 30 seconds 4
72°C 1 minute 4
4°C Hold

Once the transposed DNA had been amplified for 4 cycles, a qPCR side reaction was run to

determine the optimal number of cycles required without over-amplifying the DNA. The

following components were combined and plated onto a 384-well PCR plate:

Table 2.30: ATAC-seq qPCR Side-reaction Components

Component Volume
SensiMix SYBR 2x PCR Master Mix 7.5 ul

4 cycle-amplified DNA 5ul

25 uM PCR Primer Adl, Index i5 0.25 ul
25 uM PCR Primer Ad2, Index i7 0.25 ul
Nuclease Free H,O 2ul

The reaction was run using the LightCycler 480 (Roche) under the following qPCR program:
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Table 2.31: Cycling Conditions for ATAC-seq qPCR Side-reaction

Temperature Time Cycles
95°C 10 minutes 1
98°C 10 seconds 30
63°C 30 seconds 30
72°C 1 minute 30
4°C Hold 1

The cycle number corresponding to 1/4 of the cycles required to reach maximal fluorescence
in the qPCR side reaction was added to the remaining 45 pl of PCR product. For example, if
the side reaction required 20 cycles to reach maximum fluorescence, five more cycles would
be performed under the above cycling conditions (Table 2.29). The amplified libraries were
then purified using the Qiagen MinElute PCR Cleanup Kit as described above but eluted in 20

ul of kit-provided elution buffer. The concentration was verified with a Qubit 3.0 Fluorometer.

Bead-based size selection was then performed to enrich the libraries for fragments smaller
than 600 bp. The following steps were performed at room temperature. Elution buffer was
added to bring the sample volume to 50 ul. A volume of 30 pl of AMPure XP magnetic beads
were added to the samples for a 0.6x bead-to-sample ratio, mixed well by pipetting and
incubated for 10 minutes. The samples were then put in a magnetic stand, and once the
beads were bound to the sides of the tube, the supernatant was transferred to a new tube.
For a 2x bead-to-sample ratio, 70 ul of AMPure XP beads were added to the sample, mixed
well by pipetting and incubated for 10 minutes. Again, the tubes were placed in a magnetic
stand, and once the beads were bound to the side of the tube, the supernatant was removed
and discarded. Then, the beads were washed twice on the magnetic rack with 200 ul of 80%
ethanol. After removing ethanol, the beads were dried for 3-5 minutes, and the libraries were
eluted from the beads in 17 ul of kit-provided elution buffer. Samples were mixed off the
magnetic rack, rehydrated for two minutes, and then placed back on the magnetic rack. 15 ul
of the supernatant containing the libraries was transferred to a fresh, low-binding Eppendorf

tube.
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The library concentrations were again verified using the Qubit 3.0 Fluorometer. The fragment
size distribution of the libraries before and after size selection was visualized using the 4200
Tapestation (Agilent) on the D5000 ScreenTape (Agilent) using the D5000 ScreenTape Ladder
(Agilent) and D5000 ScreenTape Sample Buffer (Agilent). The pre-size selection libraries were
verified to show a nucleosomal ladder pattern to ensure optimal levels of tagmentation. The
size-selected libraries were verified to show fragments primarily in the 150-600 bp range.
Libraries were sequenced paired-end at 50 bp to 20 million reads on an Illumina NextSeq

1000 (LAFUGA, Gene Center Munich, LMU).

ATAC-seq data analysis

All data processing methods were applied using default parameters unless specified. After
adapter trimming with cutadapt, sequencing reads were aligned to the XENLA_10.1 ver-
sion of the Xenopus laevis genome using bowtie2 (version 2.4). Duplicates were marked and
removed with Picard Tools. Peaks were called using macs2. Aligned reads were read in
R/bioconductor, converted to coverages (library GenomicRanges), and exported to bigWig files
(library rtracklayer). Differential accessibility was assessed using csw/edgeR and TMM nor-
malization as described in the csaw workflow detailed in https://github.com/reskejak/ATAC-
seq/blob/master/csaw_workflow.R. ATAC-seq data processing was performed by Tobias
Straub.

2.2.6 Protein methods

Protein extraction

A total of 15 Xenopus laevis embryos were lysed in 75 pl of cold protein lysis buffer with
protease inhibitors (e-complete 25x) and homogenized with a sterile 27 gauge needle until no
remaining tissue was visible. The mixture was incubated on ice for 10 minutes. Nucleic acids
were digested by adding 1 ul of benzonase and incubating for 20 minutes. The supernatant
was then transferred to a new 1.5 ml Eppendorf tube (approximately 50 pl), and 15 pl of

Rotiphoresis loading dye (Lammli buffer) was added. The mixture was then snap-frozen in
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liquid nitrogen and immediately thawed at 37°C. This freeze/thaw cycle was repeated 3-5

times to shear the remaining DNA. The protein extract was stored at -80°C.

Whole mount immunocytochemistry with Alkaline Phosphatase staining

Embryos were fixed in MEMFA (3.7% formaldehyde in 1x MEM) for 1.5-2 hours at room
temperature. They were then rinsed in PBS, moved to methanol, and stored at -20°C for at
least one night. Embryos were then sequentially rehydrated in 80% and 50% methanol in
PBS, then 100% PBS, followed by one 5-minute wash in PBS, and one 15-minute wash in PBT
(1x PBS, 2mg/ml BSA, and 0.1% triton x-100). Next, non-specific protein binding sites were
blocked using 0.5 ml of antibody buffer (PBT, 10% heat-inactivated lamb serum) for one hour
at room temperature. Afterward, the embryos were incubated overnight in primary antibody
diluted to 0.5 ml in antibody buffer (1:500 Monoclonal Anti-Acetylated Tubulin antibody
Sigma-Aldrich, T6793). After primary antibody incubation, the embryos were washed 5-6
times for 30-60 minutes per washing step in PBT. Then, the embryos were incubated overnight

in AP-conjugated secondary antibody (Shp x Mouse Fab IGg Alk Phos, Chemicon 1:1000).

The next day, embryos were washed 5-6 times for one hour each wash in PBT, then for 20
minutes in alkaline phosphatase (AP) buffer (100 mM Tris pH 9.5, 50 mM MgCl,, 100 mM
NaCl, 0.1% Tween20, 2.55 mg/ml Levamisole). Next, the alkaline phosphatase colour reaction
was performed. Embryos were moved to staining solution (4.5 pl of 75 mg/ml NBT + 3.5 ul
of 5% BCIP per ml AP buffer) and monitored until AP staining was visible, at which point
the reaction was stopped by washing in PBS. The embryos were then incubated overnight in
methanol to reduce background staining and fixed for a second time in MEMFA. They were
then dehydrated in 70% ethanol in PBS and pigment was removed by incubating for 2-3 hours
in bleaching solution (0.5% SSC, 5% formamide, 1% H,0,).

Whole mount immunocytochemistry for confocal microscopy

Tailbud stage (NF28) Xenopus laevis embryos were fixed at room temperature for one hour in
MEMFA, then briefly washed with PBS. The alcohol wash step was omitted to preserve the

fluorescence from the injected hylsl-GFP (Table 2.5). The embryos then were washed in PBS
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with 2% Triton for 20 minutes to permeabilize the cell membranes, followed by a 15 minute
wash with PBT. Next, the embryos were incubated for 1 hour in antibody buffer, and then with
the primary antibody (1:200 Monoclonal Anti-Acetylated Tubulin antibody Sigma-Aldrich,
T6793) for 2 hours at room temperature. Following this, the embryos were washed overnight at
4°C or for 2 hours at room temperature. The samples were then incubated with a fluorescent
secondary antibody (goat anti-mouse 1:1000, Chemicon) for two hours at room temperature.
From this step on, the embryos were kept in the dark. They were washed for 2 hours at room
temperature in PBS, stained with DAPI (1:50 in PBS, Sigma) for 15 minutes, and then further
washed five times briefly with PBS. Phalloidin staining was then performed by incubating
the embryos in 5% Alexa Fluor 555 Phalloidin (Cell Signalling) in PBS for 1.5 hours to stain
the cell borders, followed by a rinse with PBS.

The embryos were then mounted between two glass coverslips (High Precision Cover Glasses
24x60 mm, Roth) separated by 0.35 mm thick double-sided adhesive tape. Adhesive tape was
stuck to one glass coverslip and wells were cut into the tape using a scalpel, then filled with a
modified Dabco mounting solution (85.43% Glycerol, 10% 10x PBS + 2% Dabco, 4.57% H,O0).
Embryos were rinsed in mounting solution and then placed carefully so that they lay flat
within the wells. A second glass cover was placed on top. Samples were visualized on an

inverted confocal microscope (Leica TCS SP8X).

2.2.7 Mass spectrometry sample preparation and analysis

Nuclear histone extraction, sample preparation, and mass spectrometry analysis were per-
formed by Daniil Pokrovsky as in [122]. In short, 50 Xenopus laevis embryos were collected and
washed with 110 mM KCL, 40 mM Tris/HCI (pH 7.4), 5 mM MgCl,, 0.1 mM spermine, 0.1 mM
EDTA, 2 mM DTT, 0.4 mM PMSF, and 10 mM Na-butyrate. The embryos were homogenized
in a 5 ml glass-glass douncer (Braun, Melsungen) and centrifuged at 2600 g for 10 minutes.
The nuclear pellets were resuspended in 1 ml of 0.1 M acetic acid with 1 mM DTT and then

vacuum-dried.

The pellet was then dissolved in Laemmli buffer to a dilution of 1.37e6 nuclei/ul. Histone

bands were visualized by loading 15 ul onto an 18% - 16% gradient SDS-PAGE gel (SERVA) and
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stained with Coomassie Blue. Bands were excised and propionylated to block the cleavage
of endogenously unmodified and monomethylated lysine residues. The gel samples were
mixed with trypsin and Argininel0-labeled forms of the histone PTMs (500 fmols/peptide, JPT
Peptide Technologies, Berlin, Germany), desalted, and resuspended in 15 pl of 0.1% formic

acid.

The relative abundance of histone PTMs was analyzed using LC-MS. To control for differences
in ionization between samples and peptides, isotopically labeled R10 peptides were mixed
into the samples at equimolar ratios. The abundance of histone PTMs was measured using a
parallel reaction monitoring (PRM) method (as in [149]). Analysis of the peptide mixtures was
performed using an Ultimate 3000 nano chromatography system (Thermo Fisher Scientific)
coupled to a QExactive HF mass spectrometer (Thermo Fisher Scientific). A volume of 5 pl of
sample was injected into a C-18 separating column through 0.1% formic acid at a flow rate of
300 nl/min and separated over 90 minutes by a gradient of 3% to 40% ACN. Fragment ions
of N-terminal peptides were identified and quantified using a QExactive HF operating in a
scheduled PRM mode. This allows the mass spectrometer to switch automatically between
one survey scan and 9 MS/MS acquisitions of m/z values. Acquisition of full scan MS spectra
had a resolution of 60 000 at m/z 400, and PRM spectra were acquired with a resolution of 30
000 to target value of 2 x 10°, maximum IT 60 ms, and isolation window 0.7 m/z and fragmented
at 27% or 30% normalized collision energy. The MS conditions included a spray voltage of
1.5 kC, no sheath and auxiliary gas flow, and a heated capillary temperature of 250°C. Data

analysis was performed using Skyline version 3.7.

2.2.8 Statistical analysis

ICC results from knockdown experiments were analyzed using a two-tailed t-test. Results
from rescue experiments were analyzed using one-way ANOVA with post-hoc Tukey test. For
mass spectrometry, in the case of multiple testing, the Benjamini-Hochberg FDR procedure

was performed.
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2.2.9 Data availability
RNA high-throughput sequencing data has been deposited in the NCBI GEO under the acces-

sion numbers GSE161251 and GSE274392. ATAC-seq data as been deposited in the NCBI GEO

under the accession number GSE274391.
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RESULTS

3.1 Suv4-20h1/2 KD embryos lack cilia

We leverage the Xenopus fate map to generate mosaic embryos that are partially wild-type (wt)
and partially affected™™. In general, we use two different injection schemes for microscopy
experiments. For wholemount immunocytochemistry, we inject one of two blastomeres
at the two-cell stage with our constructs of interest and Alexa Fluor 488, which acts as a
lineage tracer. Tight junctions between cells in the early Xenopus embryo keep the cells’
contents separate, so injected material is contained within the injected cell and its progeny.
This results in an embryo that is wt on one side and affected on the other (Figure 3.1 A). For
confocal experiments analyzing multiciliated cells (MCCs), we inject one of two ventroanimal
blastomeres with our constructs of interest and hyls1-GFP, a centriolar protein, to visualize
basal bodies and determine which MCCs are wt and which have been affected by injection.
This injection scheme results in a mosaic effect in which affected and wt embryos are visible

within the same field of view and can act as an in-embryo control (Figure 3.1 B).
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Figure 3.1: Targeted microinjection schemes to generate mosaic embryos. We take advantage of the
Xenopus fate map to visualize injected multiciliated cells (MCCs) in the same embryo and field of view
as wild-type MCCs. A) For wholemount immunocytochemistry with alkaline phosphatase (AP) staining,
we inject one cell of a two-cell stage embryo with our constructs of interest and Alexa Fluor 488 (a
lineage tracer). This gives rise to an embryo that is wild-type on one side and affected on the other
side. We fix at the tailbud stage (NF28), and stain cilia with an antibody against acetylated a-tubulin
and an AP-conjugated secondary antibody. B) To perform fluorescent confocal microscopy, we inject
constructs of interest alongside hyls1-GFP mRNA into the ventroanimal blastomere of an 8-cell stage
embryo. Hyls1 is a centriolar protein that allows us to visualize basal bodies while also acting as a
lineage tracer to determine which cells are injected and which are wild-type. Once the embryos reach
tailbud stage and the MCCs have emerged into the surface layer of the epidermis, we fix the embryos
and perform fluorescent immunocytochemistry, staining filamentous actin with phalloidin, cilia with
an antibody against acetylated a-tubulin, and DNA with DAPI. We mount the embryos between two
coverslips separated with double-sided tape, and image using confocal microscopy. This strategy is
used for all of the confocal microscopy in the thesis. Xenopus illustrations © Natalya Zahn (2022)8°.

Our lab previously used translation-blocking suv4-20h1/2 morpholinos (H1IH2Mos). This re-
sults in severe MCC defects and a concerted misregulation of ciliogenic genes. This phenotype

was characterized on the cellular level by microscopy, which showed that the apical actin
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network, as well as cilia number and length are all severely impaired in suv4-20h1/2 knock-
down MCCs. We were consistently able to replicate these results across multiple experiments
by whole-mount immunocytochemistry and confocal microscopy and found that the cilia
and the apical actin meshwork are impaired. Thus, the link between H4K20 methylating
enzymes and MCCs is confirmed in this thesis. The cilia and actin phenotypes are visualized

in Figure 3.2 A.

Additionally, we performed Gene Ontology (GO) enrichment analysis for cellular components
on previously generated RNA-seq data from our lab on HIH2Mo injected animal caps™!. GO
enrichment analysis assesses a gene set, in this case, all up- or downregulated genes, and
unveils which annotated GO terms are over-represented within this gene set. In the upregu-
lated gene set, we find gene categories related to chromatin organization and remodeling,
gene expression, metabolic processes, and cell cycle (Figure 3.2 B). However, in the downreg-
ulated gene set, we see many GO terms related to ciliogenesis and cytoskeleton, including
cilium movement, axoneme assembly, and plasma membrane bounded cell projection. This
confirms analysis found in Angerilli, Tait, et al.’> and demonstrates that ciliogenic genes in
HIH2Mo injected animal caps are strongly downregulated, giving a transcriptional basis for

the ciliogenic phenotype (Figure 3.2 C).
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Figure 3.2: Suv4-20h1/2 knockdown leads to severe ciliary defects. A) Representative confocal images
detailing the loss of cilia and actin cap upon suv4-20h1/2 morpholino injection (H1H2Mo). The basal
bodies are green (hyls1-GFP), the cilia are magenta (acetylated « -tubulin), the apical actin meshwork
is red (phalloidin), and the nuclei are blue (DAPI). The embryos are injected in one of two ventroanimal
blastomeres, resulting in a mosaic effect allowing wt and knockdown cells to be present in the same
field of view, where knockdown cells can be visualized by green basal bodies (wt = wild-type, * =
knockdown). Scale bar = 10 ym. B,C) GO analysis for biological processes. The top 20 B) upregulated
and C) downregulated GO terms are shown. Adapted and reprinted with permission from Life Science
Alliance (Angerilli, Tait, et al.®").
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Suv4-20h1/2 knockdown shifts H4K20 abundance from H4K20me2 to H4K20me1

3.2 Suv4-20h1/2 knockdown shifts H4K20 abundance from
H4K20me2 to H4K20me1l

We also aimed to understand how knocking down H4K20 methylating enzymes influences
the abundance of different H4K20 methylation states. To quantify these changes, we con-
ducted mass spectrometry on neurula-stage Xenopus laevis embryos injected with suv4-20h1
morpholino (HIMo), suv4-20h2 morpholino (H2Mo), or HIH2Mo (Figure 3.3 A). The samples
were propionylated, trypsin-digested, and the resulting tryptic peptides were quantified as de-
scribed in [122]. Our analysis revealed minimal impact on unmethylated H4K20, with only the
H1Mo injected embryos showing a small but significant decrease. The double knockdown had
the most pronounced effect on H4K20mel, increasing its abundance from approximately 20%
in the wt and control morpholino (CoMo) conditions to over 60% in the double knockdown.
H1Mo and H2Mo individually raised H4K20mel levels to about 45%. Conversely, H4K20me2
levels significantly decreased, with HIH2Mo reducing K20me2 from 60% to around 25%, and
each single knockdown lowering it to approximately 45%. H4K20me3, the least abundant
methylation state, decreased significantly from about 0.3% in the wt to 0.03% in the double
knockdown. While HIMo had a minor, non-significant effect on K20me3, H2Mo decreased
H4K20me3 to a level similar to that observed with HIH2Mo (Figure 3.3 A’). HIH2Mo exerted
the strongest effects on H4K20mel and H4K20me2, whereas the single knockdowns had inter-
mediate, potentially additive effects. Overall, our findings indicate a shift from predominantly
dimethylated chromatin to primarily monomethylated chromatin. Both enzymes contribute
similarly to the dimethyl mark, but only suv4-20h2 appears responsible for the trimethyl

mark.
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Figure 3.3: Analysis of H4K20 methyl landscape by mass spectrometry. Relative abundance of (A)
unmethylated H4K20, H4K20me1, H4K20me2, and (A") H4K20me3 in wt, control morpholino (CoMo),
suv4-20h1 single knockdown (H1Mo), suv4-20h2 single knockdown (H2Mo) or double knockdown
(HTH2Mo) in neurula stage Xenopus laevis embryos. Raw data was spike-tide normalized and quantified
as in Pokrovsky et al. [122]. Significance is indicated by asterisks; * = padj < 0.05, ** = padj < 0.01, *** =
padj < 0.001 according to Benjamini-Hochberg procedure. Adapted and reprinted with permission from
Life Science Alliance (Angerilli, Tait, et al.’).

To ensure that the effect of suv4-20h1/2 knockdown was specific to H4K20 methylation, we
profiled several other histone modification sites. This includes methylation or acetylation of
H3K9, K4, K14, K27, K36, and K37 (Figure 3.4). In this protocol, unmodified lysine residues

0
.

become propionylated, and are marked “p”. To visualize changes in abundance, we generated
a heatmap with colour corresponding to the ratio between control morpholino and each
condition, and the relative abundance represented as a percentage (Figure 3.4 A). None of the
other marks were significantly affected except for H3K27ac, a mark of active enhancers and
promoters, which decreased from 0.52% in the control condition to 0.28% in H1Mo, and 0.32%
in HIH2Mo injected embryos. Suv4-20h1 has not been previously shown to affect H3K27ac. It
is unclear whether this is of functional significance. This small loss of H3K27ac could lead to
reduced enhancer chromatin, and correlate with reduced transcription. However, H3K27ac is

a lowly abundant mark, and this could represent a non-specific effect at sites where H3K27ac

colocalizes with H4K20me?2.

In summary, both suv4-20h1 and suv4-20h2 contribute similarly to the writing of H4K20me?2,
with the double knockdown showing the most pronounced impact on H4K20mel and

H4K20me?2 levels. In contrast, suv4-20h1 does not affect H4K20me3, while the suv4-20h2
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knockdown alone has a similar impact on H4K20me3 as the double knockdown.

H4K20p 15.24% 15.45% 1298% * 15.32% 13.67%
H4K20me3 0.28% 0.28% 0.19% 0.04% *** 0.04%
H4K20me2 62.96% 60.42% 4508% ** 39.59% ** 2462% *
H4K20me1 21.52% 23.85% 41.75% %% 45.06% ** _
H3K9K14pPhp 0.04% 0.04% 0.03% 0.03% 0.03%
H3K9K14pPhac 0.05% 0.04% 0.03% 0.03% 0.03%
H3K9K1 4pp 31.61% 34.02% 30.39% 31.19% 29.44%
H3K9K1 4pac 11.67% 11.05% 8.67% 8.55% 7.66%
H3K9K14m3p 6.57% 6.42% 7.39% 6.67% 7.38%
H3K9K14m2p 29.38% 28.01% 29.77% 28.53% 29.41%
H3K9K14m1p 19.45% 19.44% 22.7% 24.09% 2517% ratio
H3K9K14acp 1.06% 0.83% 0.94% 0.83% 0.82%
o H3K9K14acac 0.16% 0.14% 0.1% 0.09% 0.07% -
g H3K4p 97.07% 97.07% 96.94% 97.02% 96.91% 2
8 H3K4me3 0.08% 0.07% 0.06% 0.07% 0.06%
o H3K4me2 0.13% 0.11% 0.11% 0.12% 0.12% 1
H3K4me1 2.72% 2.75% 2.88% 2.79% 2.91%

H3K27K36K37ppp 25.44% 25.78% 20.53% 247% 22.66%
H3K27K36K37pm3p 2.93% 3% 3.34% 2.68% 2.68%
H3K27K36K37pm2p 23.57% 22.22% 2313% 31.18% 29.89%

H3K27K36K37pacp 0.04% 0.04% 0.04% 0.05% 0.04%
H3K27K36K37m3pp 03% 0.26% 0.21% 0.25% 0.18%
H3K27K36K37m2pp 4.08% 354% 3.64% 3.46% 2.89%

H3K27K36K37m2m1p 4.05% 3.87% 455% 4.48% 45%
H3K27K36K37m1pp 29.73% 31.49% 3231% 24.75% 26.94%
H3K27K36K37m1m2p 5.28% 5.11% 6.75% 4.65% 5.67%
H3K27K36K37mi1m1p 4.05% 4.25% 5.20% 3.38% 4.23%
H3K27K36K37acpp 0.52% 0.45% 0.28% *¥* 0.43% 0.32% *¥
CoMo wt HA1 H2 H1H2

Figure 3.4: Effect of suv4-20h1/2 KD on histone modification abundancies. Mass spectrometry
results showing the relative change in abundance of histone modifications in response to injection of
morpholinos against suv4-20h1 (H1), suv4-20h2 (H2), both (H1H2) or a control morpholino (CoMo)
in neurula stage Xenopus laevis embryos. Heatmap detailing the relative abundances (numbers in
each cell), and ratio between each condition and CoMo (colour). Percentages are calculated within
each tryptic peptide. Raw data was spike-tide normalized and quantified as in Pokrovsky et al. [122].
Significance is indicated by asterisks; * = padj < 0.05, ** = padj < 0.01, *** = padj < 0.001 according to
Benjamini-Hochberg procedure. ‘p’ stands for propionylated and indicates naturally unmodified lysine
residues.
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3.3 Rescue of MCCs with an H4K20me1 demethylase

3.3.1 PHF8 partially rescues multiciliogenic defect

We hypothesized that the increase in H4K20mel generated by suv4-20h1/2 depletion was
responsible for the ciliogenic defect and decided to test this orthogonally by rescuing the
phenotype with PHF8, an H4K20mel demethylase. PHF8 is a JmjC domain-containing protein
that is mainly targeted to promoters by its PHD domain which binds to histone H3K4me2/me3.
Its substrates include H3K9mel/2, H3K27me2, and H4K20mel. Knockdown of PHF8 has been
shown to negatively correlate with gene expression, and lead to increased H4K20mel at
coding regions?>139, Additionally, PHF8 knockdown has been shown to impact cytoskeletal
organization and neurite outgrowth!>2, PHFS is of interest to us based on its function as an
H4K20mel demethylase, and its involvement in cellular processes related to our observations
(namely regulation of cytoskeleton and cellular projections). We decided to test whether
PHF8 could rescue the ciliogenic phenotype, potentially by removing H4K20mel marks near

transcription start sites that arise from the knockdown of suv4-20h enzymes.

We co-injected 900pg of a commercially available full-length human clone of PHF8 with
H1H2Mo into one of two blastomeres of a 2-cell stage embryo (see Figure 3.1). We also
included CoMo, and a rescue mRNA control by co-injecting morpholino and Lacz mRNA,
which has no effect on ciliogenesis. This was to ensure that the rescue effects were specific
to PHF8 instead of non-specific effects of increasing the cellular mRNA level. Injection of
PHF8 significantly restored cilia staining in HIH2Mo embryos, while the LacZ control did not
(Figure 3.5 A). Embryos showing a ciliogenic defect decreased from 90% in HIH2Mo embryos
to 25% in the rescue condition (HIH2Mo + PHF8) (Figure 3.2 B).
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Figure 3.5: Rescue of suv4-20h1/h2 double knockdown phenotype with PHF8. A) Representative im-
munocytochemistry images of tailbud stage embryos stained for cilia (acetylated « -tubulin). Embryos
are injected in one cell at the two-cell stage, resulting in laterally affected embryos. The uninjected side
is depicted on the left and the injected side is depicted on the right. N = 3 biol. replicates. Scale bars =
1 mm (whole embryo) and 200 pm (inserts). B) Percentage of embryos either affected by morpholino
injections (CoMo, HTH2Mo), or rescued by PHF8 injection. PHF8 rescues significantly, while LacZ
shows no significant difference when compared to H1Mo. Significance is indicated by asterisks; * = p <
0.05,** = p < 0.01, *** = p < 0.001, ns = not significant. Adapted and reprinted with permission from Life
Science Alliance (Angerilli, Tait, et al.’®").

To better visualize the subcellular structures of the MCCs, we used confocal microscopy
following the injection scheme detailed in Figure 3.1 to generate mosaic embryos (Figure 3.6
A). We found that approximately 75% of HIH2Mo injected embryos showed cilia and actin
cap defects (Figure 3.6 B, C). PHF8 significantly restored cilia assembly and apical actin
meshwork density in 85% of MCCs. The mRNA control, LacZ, did not significantly rescue

either structure.
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Figure 3.6: Rescue of cellular structures by PHF8 overexpression. Representative confocal images
of multiciliated cells on the epidermis of tailbud stage embryos upon knockdown of suv4-20h1/h2
(HTH2Mo) and rescue with either LacZ (mRNA control) or hPHF8 mRNA. The basal bodies are green
(hyls1-GFP), cilia is magenta (acetylated « -tubulin), the apical actin meshwork is red (phalloidin), and
the nuclei are blue (DAPI). The embryos are injected in one of two ventroanimal blastomeres, resulting
in a mosaic effect allowing wt and knockdown cells to be present in the same field of view, where
knockdown cells can be visualized by green basal bodies (wt = wild-type, * = knockdown). Scale bars =
10 um, n = 3 biological replicates. B) Quantification of cilia structures. C) Quantification of actin cap.
Significance is indicated by asterisks; * = padj < 0.05, ** = padj < 0.01, *** = padj < 0.001. Adapted and
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reprinted with permission from Life Science Alliance (Angerilli, Tait, et al.’").
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3.3.2 PHFS8 partially rescues the expression of multiciliogenic genes

Once we established the rescue effect of PHF8 on the phenotypic level, we decided to deter-
mine the effect on gene expression by performing RNA-seq. We injected Xenopus tropicalis
embryos on both sides at the 2-cell stage. For conditions see Table 3.1. Since we were primarily

interested in MCCs and the epidermis, we analyzed animal caps.

Table 3.1: RNA-seq experimental conditions.

Group Morpholino mRNA

1 CoMo n/a

1 H1H2Mo n/a

2 CoMo n/a

2 na LacZ

2 na PHF8

2 HI1H2Mo PHFS8 (Rescue)

Animal caps are organoids cut from the blastocoel roof of blastula stage embryos (NF9), and
they differentiate by default into epidermis. This results in a cleaner tissue type consisting
only of the 5 cell types of the epidermis (see subsection 1.3.1) instead of the many cell types
of a whole embryo. We harvested the animal caps at the neurula stage (NF16), at which
time the multiciliogenic gene program is well underway. Including a control morpholino
condition allowed us to harmonize and analyse the data with the previous experiment from
the lab which included HIH2Mo injected animal caps!#®. Group 1 represents conditions
from Angerilli [146] and Group 2 indicates new conditions (Table 3.1). However, because the
two experiments were performed at separate times and sequenced on different sequencing
platforms, a batch correction was required. After batch correction, the control conditions
clustered together well in a principle component analysis. HIH2Mo and the rescue condition

could be best resolved on the second principal component (Figure 3.7).
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Figure 3.7: Condtions cluster on the second principal component after batch correction. Principal
component analysis for RNA seq analysis of knockdown and rescue conditions before (A), and after (B)
batch correction. The X and Y axes represent the components that are responsible for the maximum
variance.

We checked the effect of LacZ on expression against CoMo and saw no significantly misreg-
ulated genes (Figure 3.8 A, B). PHF8 overexpression alone also did not have a significant
effect on gene expression, however the expression was not as tightly correlated to CoMo gene
expression as LacZ (Figure 3.8 C, D). In the PHF8 rescue condition (H1IH2Mo + PHF8) we
found 4551 misregulated genes; 2384 upregulated and 2167 downregulated (Figure 3.9). We
normalized gene expression in the rescue condition to expression in the PHF8 overexpression
condition in order to isolate for the rescuing effect and remove the effect of PHF8 alone.
Because of the small but not significant effect of PHF8 mRNA injection on gene expression,
we normalized to PHF8 alone in order to to interrogate the effect of PHF8 in the context of

suv4-20h1/2 depletion (Figure 3.8).

66



Rescue of MCCs with an H4K20me1 demethylase

A LacZ-CoMo B LacZ-CoMo
@ cilium significant @ cytoskeleton significant
© ® cilium non-significant © ® cytoskeleton non-significant
<+ <+

log2 fold change
0

log2 fold change
0

-2

<+ | <+
I |
© _| © _|
! all significant ! all significant
all non-significant all non-significant
T T T T T T T T
0 2 4 6 0 2 4 6
log10 mean counts log10 mean counts
C hPHF8-CoMo D hPHF8-CoMo
© cilium significant ® cytoskeleton significant
© ® cilium non-significant © ® cytoskeleton non-significant
< <+

log2 fold change
0

log2 fold change
0

! all significant ! all significant
all non-significant all non-significant

T T T T T T T T
0 2 4 6 0 2 4 6

log10 mean counts log10 mean counts

Figure 3.8: PHF8 and LacZ overexpression do not affect gene expression. MA plots showing gene
expression changes in PHF8 (A, B), or LacZ (C, D) overexpressing animal caps normalized to control
morpholino injected caps. Genes are represented by light grey dots, and cilium (A, C) or cytoskeletal (B,
D) genes in black. There are no misregulated genes in these conditions (padj < 0.05). Adapted and
reprinted with permission from Life Science Alliance (Angerilli, Tait, et al.’®").
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Figure 3.9: Rescue with PHF8 alters gene expression. The number of misregulated genes in PHF8
rescued animal caps vs. PHF8 alone. Downregulated genes are represented in red, upregulated genes
are represented in yellow. Adapted and reprinted with permission from Life Science Alliance (Angerilli,
Tait, et al.’™").

To determine the rescuing effect of PHF8, we wanted to focus our analysis on genes that were
downregulated in the suv4-20h1/2 knockdown. This cohort contains 2052 total genes. In the
context of the PHF8 rescue we find 1663 of these genes have improved in their expression,
meaning that they are returning to a level closer to that of their expression in the CoMo
condition while 389 genes were further downregulated. In total 81% of genes improved their

expression while 18% went further down upon PHF8 rescue (Figure 3.10).
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All genes (down in HIH2Mo vs. CoMo)

B Improved in hPHF8 Rescue-hPHF8 alone
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Figure 3.10: PHF8 improves gene expression in suv4-20h1/2 knockdown embryos. To investigate
whether genes that are sensitive to suv4-20h1/2 knockdown (HTH2Mo) can be rescued by hPHF8, we
focus on genes that were downregulated in HIH2Mo vs. CoMo. This pie chart shows the number of
genes that were improved in their expression by returning towards control expression levels (blue)
vs. genes that were further downregulated (red). Of all the misregulated genes, 76.6 % had improved
expression. Adapted and reprinted with permission from Life Science Alliance (Angerilli, Tait, et al.’>).

We were particularly interested in how cilium and cytoskeleton genes would respond to PHF8
rescue. When we looked closer at cilium genes that were downregulated in the knockdown
experiment, we found that 140/181 (77%) are improved in their expression, while 43 are further
down. In the log2fold change plot, genes of interest are highlighted in magenta (Figure 3.11
A, B). Genes above the diagonal line are returning back towards their normal expression
level, while genes below the diagonal line are becoming further misregulated. In the rescue
290/363 cytoskeleton genes that were downregulated in the KD improved (80%), and 73/363
(20%) were further downregulated (Figure 3.11 C, D). While we do not see a perfect rescue of
ciliogenic and cytoskeletal genes, there is an overall improvement in their expression. This
reflects what we see on the phenotypic level and indicates that PHF8 partially alleviates the

multiciliogenic defect.
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Figure 3.11: PHF8 improves gene expression of cilium and cytoskeleton genes. A, C) Number of
cilium (A) or cytoskeleton (C) genes that were down in HIH2Mo vs. CoMo that have either improved
in expression or were further downregulated upon rescue with hPHF8. B, D) Log2FC of cilium genes
(B) or cytoskeleton genes (D) that were downregulated in HIH2Mo vs. CoMo (knockdown) compared
to hPHF8 rescue vs. hPHF8 alone animal caps. Dashed line indicates no difference in expression
between the knockdown and the rescue. Genes above the dashed line have improved expression and
genes below the dashed line are further down. N = 3 biological replicates. Adapted and reprinted with
permission from Life Science Alliance (Angerilli, Tait, et al.™").
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3.3.3 PHF8 does not have an effect on global H4K20me1 levels

To quantify the effect of PHF8 overexpression and rescue on the H4K20 methyl landscape,
we performed mass spectrometry. We did not detect significant changes in H4K20 methyl
abundances (Figure 3.12). We also noted no significant differences in H3K9 and H3K27 methy-
lation (data not shown). The lack of effect on H4K20 methylation could be due to the fact
that SET8 writes H4K20mel indiscriminately throughout the genome, while PHF8 is tar-
geted to promoters by its PHD finger which binds to H3K4me2/me3. We would expect the
changes in H4K20mel generated by suv4-20h1 knockdown to be widespread, while PHF8 has
a smaller and more specific set of targets, so the effect may be too small to be detected in

bulk chromatin.
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Figure 3.12: PHF8 does not affect H4K20 methyl levels. Relative abundance of (A) unmethylated
H4K20, H4K20me1, H4K20me2, and (A’) H4K20me3 in neurula-stage Xenopus laevis detected by mass
spectrometry. Embryos were injected with HIH2Mo, HTH2Mo + 300 pg of PHF8 mRNA (Rescue 300
pg) or HIH2Mo + 900 pg of PHF8 mRNA (Rescue 900 pg), or PHF8 mRNA alone. Wt embryos were
also included as a control. No significant changes were detected. N = 3 biological replicates.

3.3.4 Cilium and cytoskeleton are distinct but overlapping GO terms

We noticed that cilium and cytoskeleton are closely related GO terms, most likely contain-
ing overlapping genes, so we decided to quantify the overlap between them. We find 1640
cytoskeletal genes and 449 ciliogenic genes. 296 of these genes are shared by both GO terms
(65% of cilium genes and 22% of cytoskeleton genes). In the downregulated genes, we find 186

cilium genes and 372 cytoskeleton genes, with 144 genes shared between the two terms (77%
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of cilium genes and 38% of cytoskeleton genes) (Figure 3.13 A, B). Building multiciliated cells
involves repurposing many of the proteins required for other cellular processes like mitosis
(e.g., tubulins and centriolar proteins) and the formation of other cellular structures like
neurite outgrowths. For this reason, it is not surprising that these two gene categories contain
so many overlapping genes. Nevertheless, it is important to note that these are distinct but
related GO terms that are preferentially affected by the downregulation of suv4-20h enzyme

levels.

A Cytoskeleton B Cytoskeleton
17170 1827
Cilium
Cilium

Figure 3.13: Cilium and Cytoskeleton are overlapping but distinct GO terms. Venn diagram depicting
the number of genes that fall into the category of “cilium” or “cytoskeleton” in the suv4-20h1/h2
double knockdown RNA seq experiment. A) shows all detected genes. B) shows only significantly
downregulated genes. Adapted and reprinted with permission from Life Science Alliance (Angerilli,
Tait, et al.’™").

3.4 Single knockdown of suv4-20h1

3.4.1 Suv4-20h1 knockdown is sufficient for the multiciliogenic phenotype in Xeno-

pus laevis

It was previously observed by our lab that the knockdown of suv4-20h1 alone is sufficient

146 However, the relationship between

to produce the ciliogenic defect in Xenopus tropicalis
the transcriptome signatures of suv4-20h single and double morphants remained unknown.
To clarify this point, we investigated the consequences of a single suv4-20h1 or suv4-20h2

knockdown in Xenopus laevis embryos. First, we performed confocal microscopy on tailbud

72



Single knockdown of suv4-20h1

stage embryos (NF27) injected in one of two cells with HIMo or H2Mo alone. We found that

H1Mo alone also has a strong effect on the cilia and actin cap of MCCs, while H2Mo had no

effect on MCCs (Figure 3.14).

Acetylated a-tubulin Phalloidin Hyls1-GFP
wt

H1Mo

*

H2Mo

Figure 3.14: Ciliogenesis defects are only caused by suv4-20h1. A) 4-channel confocal images
depicting single knockdowns of suv4-20h1 (H1Mo) and suv4-20h2 (H2Mo) in tailbud-stage Xenopus
laevis embryos. The basal bodies are green (hyls1-GFP), cilia is magenta (acetylated « -tubulin), the
apical actin meshwork is red (phalloidin), and the nuclei are blue (DAPI). The embryos are injected in
one of two ventroanimal blastomeres, resulting in a mosaic effect allowing wt and knockdown cells to
be present in the same field of view, where knockdown cells can be visualized by green basal bodies
(wt = wild-type, * = knockdown). Scale bars =10 ym.

We were also interested in whether the suv4-20h1 knockdown phenotype could be alleviated
by PHF8 overexpression in a similar manner to suv4-20h1/2 double knockdown. Again, we
performed a rescue experiment and found that PHF8 improves the condition of cilia tufts in
approximately 60% of embryos (Figure 3.15 A, B). At the confocal level, we saw that PHF8 is
able to improve the condition of cilia in approximately 80% of injected MCCs (Figure 3.16 B)
and the actin cap in approximately 70% of injected MCCs (Figure 3.16 C). Overall, we found
no difference in the strength or prevalence of the phenotype between the single knockdown
of suv4-20h1 and the double knockdown. This is further suggests that suv4-20h1 alone is

required for ciliogenesis.
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Figure 3.15: Rescue of suv4-20h1 single knockdown phenotype with PHF8. A) Representative immuno-
cytochemistry images of tailbud stage embryos with cilia tuft staining (acetylated « -tubulin). Embryos
are injected in one cell at the two-cell stage, resulting in laterally effected embryos. The uninjected side
is depicted on the left and the injected side is depicted on the right. N = 3 biol. replicates. Scale bars =
1 mm (whole embryo) and 200 um (inserts). B) Percentage of embryos either affected by morpholino
injections (CoMo, H1Mo), or rescued by PHF8 injection. PHF8 rescues significantly, while LacZ shows
no significant difference when compared to H1Mo. Significance is indicated by asterisks; *** = p <
0.001, ns = not significant. Adapted and reprinted with permission from Life Science Alliance (Angerilli,
Tait, et al.’™").
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Figure 3.16: Confocal analysis of PHF8 rescue. A) Representative confocal images of multiciliated
cells on the epidermis of tailbud stage embryos upon knockdown of suv4-20h1 (H1Mo) and rescue with
either LacZ (mRNA control) or hPHF8 mRNA. The basal bodies are green (hyls1-GFP), cilia is magenta
(acetylated « -tubulin), the apical actin meshwork is red (phalloidin), and the nuclei are blue (DAPI). The
embryos are injected in one of two ventroanimal blastomeres, resulting in a mosaic effect allowing wt
and knockdown cells to be present in the same field of view, where knockdown cells can be visualized
by green basal bodies (wt = wild-type, * = knockdown). Scale bars = 10 pm, n = 3 biological replicates.
B, C) Quantification of A). Percentage of multiciliated cells showing improved cilia (B) or actin cap
(C) upon mRNA rescue. PHF8 rescues significantly, while LacZ shows no significant difference when
compared to H1Mo. Significance is indicated by asterisks; ** = p < 0.01, ns = not significant. Adapted
and reprinted with permission from Life Science Alliance (Angerilli, Tait, et al.™").

Since we hypothesized that the ciliogenic phenotype was caused by the global shift towards
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H4K20mel, we decided to test whether catalytic activity of suv4-20hl is required for cili-
ogenesis. So, we introduced two mutations (N248A and Y283A) into the SET domain of a
suv4-20h1 Xenopus tropicalis cDNA by point mutagenesis (Figure 3.17 A). These mutations
are predicted to be necessary for suv4-20h1 catalytic activity. Based on structural data, these
residues are highly conserved across several SET domain-containing proteins and are re-

153,154 This cDNA also contains silent mutations

quired for S-adenosylmethionine binding
in the region targeted by the morpholino, rendering it insensitive to translation blocking
without altering the coding capacity of the mRNA. Mouse cDNAs bearing the same mutations
have been previously shown by our lab to abolish the catalytic activity of suv4-20h1*4, We
then performed rescue experiments with both the wt and catalytically inactive (c.i.) mRNA

by co-injecting with HIMo (Figure 3.17 B- B”) .

We found that MCC condition was improved in 75% of embryos injected with wt mRNA.
On the other hand, c.i. suv-20h1 was not able to rescue significantly at either the 300 pg or
900 pg dose. This indicates that catalytic activity is required to support axoneme formation

(Figure 3.17 C).
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Figure 3.17: Only catalytically active suv4-20h1 mRNA rescues the ciliogenic phenotype. A) Schematic
of deletions in the SET domain of suv4-20h1. Two key residues of the SET domain, N248A and Y283A,
were mutated to abolish catalytic activity of suv4-20h1. B, B’, B") Representative immunocytochemistry
images from tailbud stage embryos injected with suv4-20h1 morpholino (H1Mo) (B), H1Mo + wild-type
suv4-20h1 mRNA (B’), or HIMo + catalytically inactive suv4-20h1 mRNA (B"). Scale bars =1 mm (whole
embryo), or 200 pm (inserts) and n = 3 biological replicates. C) Quantification of B-B”) Percentage
of embryos either affected by morpholino injections (H1Mo, CoMo) or rescued by suv4-20h1T mRNA
injection. Wt suv4-20h1 mRNA rescues significantly, while catalytically inactive suv4-20h1T mRNA shows
no significant difference when compared to H1Mo. Significance is indicated by asterisks; ** = p < 0.01,
ns = not significant. Adapted and reprinted with permission from Life Science Alliance (Angerilli, Tait,
et al.’®").

Similarly, we aimed to determine whether the catalytic activity of PHF8 is necessary for
the rescue of cilia tufts. To investigate this, we utilized two human PHF8 clones from [155],
both of which are truncated to include amino acids 1-489 along with a nuclear localization
signal. We used one wt cDNA (489 Wt) and one catalytically inactive cDNA (489 c.i). This

truncation results in a gain-of-function variant, as the C-terminus inhibits catalytic activity
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of the enzyme!>.

We injected either 489 Wt, 489 c.i., or luciferase as an mRNA control in
conjunction with either CoMo or HIMo. We also injected lacZ mRNA to act as a lineage tracer.
We fixed embryos at the tadpole stage and performed wholemount immunocytochemistry
along with -Galactosidase staining, which stains LacZ injected regions blue, to see the

localization of mRNA injection (Figure 3.18 A).

We find that only the 489 Wt can significantly rescue cilia tuft formation. In total 96.5% of
H1Mo + Luciferase injected embryos and 86.8% of HIMo + 489 c.i. embryos show cilia tuft
defects, while only 36% of HIMo + 489 wt show cilia tuft defects. This is an indication that the
catalytical activity of PHFS is required to rescue ciliogenic defects. In addition, the truncated
PHFS8 clones have activity in the absence of suv4-20h1 knockdown. A total of 81% of 489 Wt
and 65% of 489 c.i. embryos co-injected with CoMo show an increase in cilia tuft density

(Figure 3.18 B).
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Figure 3.18: Only catalytically active PHF8 mRNA rescues the ciliogenic phenotype. A) Representative
immunocytochemistry images from tailbud stage embryos injected with HIMo or CoMo and mRNA.
Scale bars =1 mm (whole embryo), or 200 pm (inserts) and n = 3 biological replicates. B) Quantification
of A). Percentage of embryos either affected by morpholino injections (H1Mo) or rescued by PHF8
mMRNA injection. Wt PHF8 mRNA (489 Wt) rescues significantly, while catalytically inactive PHF8
mRNA (489 c.i.) shows no significant difference when compared to H1IMo. Significance is indicated by
asterisks; * = p < 0.05, ** = p < 0.01, ns = not significant. N=4 biological replicates
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3.4.2 Suv4-20h1 is responsible for transcriptional changes

Once we determined that the phenotype is caused by suv4-20h1 KD alone and dependent on
catalytic activity of the enzyme, we wanted to better understand what was happening to the
transcriptome of suv4-20h1 and 2 single morphants. Once again, we performed RNA-seq in
NF16 animal caps, this time in Xenopus laevis. It is important to note that Xenopus laevis is
allotetraploid, and has two distinct subgenomes, termed the L and S homeolog>®. Xenopus

laevis gene names end in .L or .S to indicate their subgenomic origin.

A Upregulated B Downregulated

H2Mo H1Mo H2Mo

& 4

Figure 3.19: Suv4-20h1 is responsible for transcriptional changes. A, B) Venn diagrams comparing
the number of upregulated (A) or downregulated (B) genes between suv4-20h1 knockdown (H1Mo)
and suv4-20h2 knockdown (H2Mo) by RNA-seq. Suv4-20h1 knockdown leads to misregulation of many
more genes than suv4-20h2 knockdown.

Our first and most striking observation is that, while more than 2000 genes are misregulated
in HIMo animal caps, only 83 genes are misregulated in the H2Mo injected animal caps
(Figure 3.19, Figure 3.20 A, B). We attempted to perform GO analysis on H2Mo but since the
cohort of misregulated genes is so small, we ended up with only 3 enriched terms; “regulation
of transcription by RNA polymerase II”, “circadian rhythm”, and “circadian rhythm of gene
expression”. One gene that stands out as being particularly significantly misregulated by
suv4-20h2 knockdown is the S homeolog of gsx1, a homeobox gene that is part of a family of

transcription factors that has been shown to promote neural differentiation in Xenopus®™”.
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Figure 3.20: Suv4-20h2 has very little effect on transcription. A) MA plot showing Log?2 fold change
(y axis) and log 10 mean counts (y-axis) of genes comparing suv4-20h2 knockdown (H2Mo) against
control knockdown (CoMo). B) Volcano plot showing -log10(pvalue) (yaxis) and log2 fold change of
genes comparing H2Mo against CoMo. Only 83 genes are significantly misregulated upon suv4-20h2
knockdown. Significantly misregulated genes are shown in dark grey (padj < 0.1).

The story is quite different with HIMo-injected animal caps. With around 1000 misregulated
genes in either direction, the transcriptome is significantly altered (Figure 3.21 A, B). We were
able to perform GO analysis for HIMo and we found that the link to ciliogenesis is retained
in the downregulated genes. Immediately, the top misregulated genes showed a ciliogenic
connotation. For example, cntln is a centriolar linker protein that also binds microtubules!>®,
IFT88 is an intraflagellar transport protein that plays a role in anteretrograde transport of

159

ciliogenic components'®, and dnal4 is a dyenein protein associated with motile cilia'®®. With

this in mind, it is not surprising that all of the top 20 most downregulated GO terms relate to
SN}

cilia or cytoskeleton, including “cilium movement”, “cilium organization”, and “cell projection

assembly” (Figure 3.22 A).
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Figure 3.21: Suv4-20h1 has a strong effect on transcription. A) MA plot showing log2 fold change
(x-axis) and log 10 mean counts (y-axis) of genes comparing suv4-20h1 knockdown (H1Mo) against
control knockdown (CoMo). B) Volcano plot showing -log10(value) (y-axis) and log2 fold change of
genes comparing H1IMo against CoMo. 2670 genes are significantly misregulated upon suv4-20h1
knockdown. Significantly misregulated genes are shown in dark grey (padj < 0.1).

The upregulated genes have some enriched terms that overlap with the previous double
morphant RNA seq results, including mRNA processing and macromolecule localization
(Figure 3.22 B). However, we were also interested to see a number of terms related to mitosis
and the cell cycle, including the terms “mitotic cell cycle,” “mitotic cell cycle process,” “mi-
crotubule cell cytoskeleton organization involved in mitosis,” and “cell division.” Surprisingly,
we also find a tubulin protein, tubb4a, among the top most upregulated genes. Tubb4a is one
of two (-tubulins, alongside tubb4b, that contain a C-terminal motif required to associate
with cilia®l. However, while tubb4b depletion leads to striking cilia defects in the MCCs of
the mouse airway and oviduct, loss of tubb4a does not affect cilial®?. Tubb4b is also mildly
downregulated upon suv4-20h1 knockdown. Tubb4a has also been shown to be a tumorigenic

protein, suggesting that it plays a role in promoting proliferation!®3. Together the changes in

gene expression seem to favor proliferation at the expense of forming cilia.
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Figure 3.22: Suv4-20h1 knockdown has ciliogenic connotations in the downregulated genes. A, B)
GO analysis for upregulated (A) and downregulated (B) genes in suv4-20h1 knockdown (H1Mo) animal
caps. Bubble size represents the number of significantly misregulated genes per GO term, and bubble
colour represents p-value. Upregulated GO terms are related to cell cycle and protein localization, while
downregulated GO terms are related to cilium motility and assembly, microtubule-based processes,

and cytoskeleton.
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3.4.3 Expression of ciliogenic transcription factors is not affected by suv4-20h1

knockdown

Is this change in gene expression reflective of an overall change in H4K20mel abundance?
Or is a key ciliogenic regulator simply being misregulated and consequently causing this
striking downregulation of ciliogenic genes? To address these questions, we looked at the fold
change of the known ciliogenic transcription factors. Successful multiciliogenesis requires
the execution of a delicate cascade of transcription factors (Figure 3.23 A), beginning with
gemcl and multicilin (mci), two coiled-coil domain-containing proteins related to geminin, a
protein that regulates cell cycle progression!'164, Both gemcl and mci are so-called master
regulators of multiciliogenesis, and also have additional roles in DNA replication and origin
licensing in S-phase respectively. In our dataset, neither gemcl, nor mci are misregulated

when suv4-20hl is depleted (Figure 3.23 B).

Downstream of gemcl and mci, rfx2 and foxjl promote cilia formation. Foxjl was the first
identified multiciliogenic transcription factor!®®, and is responsible for coordinating the
expression of genes related to many aspects of motile cilia formation. This includes genes
involved intraflagellar transport, cilia assembly, basal body docking, axoneme outgrowth
and motility itself!6-198, Foxjl preferentially binds to enhancers and is stabilized at ciliogenic
promoters by rfx2, which acts as transcriptional coactivator of foxj1!!®. Suv4-20h1 knockdown

does not significantly affect foxjl or rfx2 expression.

In parallel to the cilia gene expression program, basal body biogenesis is largely orchestrated
by c-myb and ccnol®. C-myb is a key regulator of basal body genes, and depletion leads to a
loss or delay of basal body amplification in Xenopus, zebrafish and mice'¢*'7?, Surprisingly,
outside of its role in basal body biogenesis, c-myb promotes entry into S-phase and in general
supports proliferation'’!. CCNO, a cyclin-like protein is expressed in MCCs and controls
centriole amplification by regulating the formation of the deuterosome!’2. We find that neither

of these key basal body genes are misregulated upon suv4-20h1 knockdown (Figure 3.23 B).
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Figure 3.23: Effect of suv4-20h1 knockdown on the master regulators of ciliogenesis and E2F tran-
scription factors. A) Schematic of the multiciliogenesis gene program (adapted from [102]). Expression
of B) key multiciliogenic transcription factors and C) E2F genes based on RNA-seq data from H1Mo

injected animal caps.

Another set of transcription factors that play key roles in multiciliogenesis are E2F proteins.
Despite the fact that E2F family members have high sequence homology, they have a diverse
array of functions, including cell cycle regulation, DNA replication, and differentiation, and

can sometimes have antagonistic effects on these cellular processes. In general, E2F proteins
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can be split into the cell cycle activating E2Fs, including E2F1,2, and 3, and the cell cycle-
repressing E2Fs, including E2F4, 5, 6, 7, and 8'/3. E2F6 and 7 have additional functions in
transcriptional repression'’*. Cell cycle-repressive E2Fs have also been shown to regulate
the transcription of multiciliogenic genes. As mci lacks a DNA binding domain, it binds
directly to E2F4/5, both of which repress the cell cycle. This binding is required for basal body
biogenesis, as expression of a dominant negative E2F4 in Xenopus skin interferes with basal
body production and multiciliation'’3. Recently, a key role for E2F7 in multciliogenesis has
been identified in which E2F7 attenuates the levels of DNA replication machinery expression

to promote MCC differentiation over cell proliferation!”.

We looked at the change in expression of E2F family proteins and their binding partners, the
tfdp proteins, to see if they were affected by suv4-20h1 knockdown. Only E2F1 was significantly
misregulated by 2-fold. E2F1 is primarily involved in cell-cycle regulation and has not been
shown to be involved in multiciliogenesis. Additionally, tfdpl was significantly upregulated,
with a log2 fold change of 0.82. Tfdpl is a transcription factor binding partner of E2F1, E2F2,
and E2F3. Neither E2F4, 5 or 7 were significantly misregulated (Figure 3.23 C). Indeed, in-
vestigation of gemcl and mci, the master regulators of multiciliogenesis, foxjl and rfx2, the
coordinators of motile ciliation, and c-myb and ccno, the directors of basal body biogenesis,
as well as the supporting cast of E2F transcription factors, revealed that suv4-20h1 does not

affect the regulators of the cannonical multiciliogenesis program.

3.5 Multicilin overexpression

3.5.1 Phenotypic effects of multicilin overexpression

One of the limitations of the previous analysis is that MCCs are only one of five cell types
in the Xenopus epidermis. The rest of the epidermis includes goblet cells, ionocytes, small
secretory cells, and basal stem cells'’®. So, despite the fact that profiling animal caps provides
a marked improvement over whole embryo sequencing, we wanted to reduce the complex-
ity of the tissue even further to get a more representative transcriptomic profile of MCCs.

Overexpression of mci can induce other epidermal cell types to take on a multiciliogenic
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177 We reasoned that

identity by generating multiple basal bodies and forming ectopic cilia
we could induce more cells of the animal cap to adopt a multiciliated fate by overexpressing
multicilin in our explants. We used a previously validated glucocorticoid receptor-containing
mci construct (MCI-hGR)!®. We injected 60 pg of MCI-hGR into 8-cell stage embryos and
induced them with 10 um dexamethasone at early gastrula-stage (NF10), before the onset of
multiciliogenesis. We then allowed the embryos to develop until the tailbud stage (NF27), fixed

them, and performed whole-mount immunocytochemistry against acetylated alpha-tubulin.

Cilia - Acetylated
alpha-tubulin Actin - Phalloidin Basal bodies - GFP Merge

CoMo + MCI

H1Mo + MCI

Figure 3.24: Phenotypic Effect of MCI overexpression. Representative images of confocal microscopy
showing the surface of MCI-hGR overexpressing embryos. Cilia is in magenta, Actin, staining the cell
borders and apical actin meshwok, is in red, basal bodies are green, and DAPI staining is shown in blue.
A mosaic injection scheme is used allowing KD and wild-type cells to be seen in the same field of view
(wt = wild-type, * = injected). MCl-overexpressing control embryos show most of the surface epidermis
cells converted to multiciliated cells. Suv4-20h1 knockdown + MCI overexpression embryos also have
an increased number of multiciliated cells (many green basal bodies), but these cells lack cilia.

Similar to what our lab has found in double-morphant embryos**, MCI-hGR is not able to
rescue the multiciliogenic phenotype in HIMo embryos. We found that despite the fact that
MCI-hGR can induce non-MCC fated cells to amplify their centrioles, it does not rescue the
formation of cilia in injected cells (Figure 3.24). Due to this finding, we hypothesize that this
is truly a ciliogenic phenotype and not a cell-specification phenotype. These cells are still

able to emerge at the apex of goblet cells and amplify their centrioles, but something goes
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wrong between centriole amplification and cilia formation.

2-cell stage NF 8-9 NF 11

RNA seq

Induce with Fix at NF 16 for
dexamethasone RNA seq

Inject both cells

with MCI-HGR and Cut animal caps
morpholino at blastula stage

Quality control
ICC

Fix at NF28 for
at the 2-cell stage dexamethasone Icc

Inject one cell Induce with

Figure 3.25: Protocol for MCC programming. Schematic of the protocol for MCI-hGR overexpression for
RNA seq and quality control ICC. For RNA seq, embryos are injected radially at the 2-cell stage. Animal
caps are cut from blastula-stage embryos (NF 8-9). MCI-hGR is induced with 10 uM dexamethasone at
NF 11, and embryos are collected for RNA seq at NF 16. For ICC, embryos are injected in one of two
cells at the two-cell stage, induced with dexamethasone, and fixed with MEMFA at tailbud stage (NF27).
Xenopus illustrations © Natalya Zahn (2022)8°

Next, we sought to determine the effect of MCI on transcription, both with and without
suv4-20h1 knockdown. Our experimental approach is outlined in (Figure 3.25). We began by
injecting 2-cell stage embryos with MCI-hGR and the morpholino of interest. The embryos
were allowed to develop until the blastula stage (NF9), at which point we excised the animal
caps. At NF11, we induced the animal caps using dexamethasone at a concentration of 10
uM, and the embryos were further developed until the neurula stage (NF16), when multi-
ciliogenesis is well underway. At this stage, we snap-froze the animal caps and performed
RNA sequencing. Given the multiple simultaneous manipulations, we added an extra quality
control step. Alongside preparing animal caps for RNA sequencing, we injected embryos
with morpholino and MCI-hGR for immunocytochemistry. We included conditions for CoMo
+ MCI, H1Mo, and H1Mo + MCI, followed by ICC. This allowed us to confirm the presence of
the original suv4-20h1 knockdown phenotype and verify that the MCI-hGR injection and in-
duction were successful (data not shown). RNA sequencing was only performed on replicates

that passed all these quality control criteria.
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Figure 3.26: Effect of MCI overexpression on transcription. RNA seq data on control morpholino (CoMo)
injected animal caps with co-injection of A) MA plot and B) volcano plot showing gene expression
changes in CoMo + MCI injected animal caps. Genes are represented by light gray dots, with darker
grey dots representing significantly misregulated genes (padj < 0.1). N = 3 biological replicates.

The RNA-seq experiment consists of four conditions: CoMo, CoMo + dexamethasone, CoMo +
MCI + dexamethasone, and H1Mo + MCI + dexamethasone. In the CoMo + MCI condition,
591 genes were misregulated, with 525 genes upregulated and only 66 genes downregulated
(Figure 3.26 A,B). As expected, GO analysis of CoMo + MCI animal caps shows that the up-
regulated genes are enriched for categories related to MCCs (Figure 3.27 A). This includes
terms related to the centriole cycle, cilium assembly, and microtubule organizing center
organization. On the other hand, the downregulated genes show enrichment for categories
related to the cell cycle, such as DNA replication initiation and regulation, and to other devel-
opmental lineages, including neuron differentiation and mesoderm development (Figure 3.27
B). This is consistent with our expectations because MCCs are post-mitotic and terminally
differentiated, so processes related to DNA replication should be restricted. Additionally, we
select for a very specific cell type within an explant of non-neural ectodermal origin, so we

would not expect to see neuronal or mesoderm-related genes in the animal caps.
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Figure 3.27: MCI overexpression leads to upregulation of cilia genes and downregulation of cell cycle
genes. A, B) GO analysis for upregulated (A) and downregulated (B) genes in control morpholino (CoMo)
+ MCI-hGR injected animal caps. Bubble size represents the number of significantly misregulated genes
per GO term and bubble colour represents p-value. Upregulated GO terms are related to centriole
replication and cilium, while downregulated GO terms are related to DNA replication, differentiation,
and metabolic processes.
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3.5.2 Suv4-20h1 knockdown drives transcriptional changes in MCI overexpressing

animal caps

Knockdown of suv4-20h1 represses ciliogenic genes, while MCI enhances their expression.
Therefore, concurrent knockdown of suv4-20h1 and overexpression of MCI may have com-
peting effects on ciliogenic gene expression. We wanted to better understand how these two
regulators affect ciliogenic gene expression, so we performed a combined analysis of two
RNA-seq experiments which will be referred to as Group A and Group B (see Table 3.2). We
performed a batch correction on the two experiments, followed by a cluster analysis of the

top responding genes across all replicates.

Table 3.2: RNA-seq experimental conditions and groups.

Group Morpholino mRNA

A CoMo n/a

A HilMo n/a

A H2Mo n/a

B CoMo n/a

B CoMo MCI-hGR + dexamethasone
B CoMo no mRNA + dexamethasone
B HiMo MCI-hGR + dexamethasone

The gene set could be separated into two major clusters, one that is defined by genes that are
upregulated in HIMo and H1Mo + MCI, and one that is defined by genes that are downregu-
lated in HIMo and HIMo + MCI. This demonstrates that most of the transcriptional changes
in H1Mo + MCI-hGR are driven by suv4-20h1 knockdown instead of MCI over-expression
(Figure 3.28 A).
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Figure 3.28: H1 knockdown drives transcriptional changes in MCI overexpressing animal caps. Com-
bined analysis of RNA seq experiments in Xenopus laevis animal caps. Cluster analysis heatmap of top
responding genes across all conditions. Genes group into two main clusters: genes downregulated or
upregulated upon suv4-20h1 knockdown (in the absence or presence of MCI-hGR). Group A includes
replicates from the single knockdown RNA seq experiment, and group B includes replicates from the
MCI-hGR containing RNA seq experiment, and samples are batch corrected between experiments.
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Additionally, we performed GO analysis on HIMo + MCI-hGR injected animal caps. The
upregulated genes contain categories related to mRNA processing and splicing and various
metabolic processes (Figure 3.29 A). Once again, we see that ciliogenic categories dominate
the downregulated GO terms in H1IMo + MCI injected animal caps (Figure 3.29 B). This is
despite the fact that MCI overexpression leads to an upregulation of ciliogenic genes in
CoMo injected animal caps, and that MCI-hGR increases the number of cells adopting a
multiciliogenic fate. This, coupled with the phenotypic analysis, suggests that suv4-20h1
regulates multiciliogenesis either downstream of or through an alternative pathway to the

typical MCl-initiated transcription factor cascade.
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Figure 3.29: H1IMo + MCI-hGR injection still results in the downregulation of cilium-related GO terms.
A, B) GO analysis for upregulated (A) and downregulated (B) genes in suv4-20h1 morpholino (H1Mo) +
MCI-hGR injected animal caps compared to CoMo + MCI-hGR. Bubble size represents the number of
significantly misregulated genes per GO term and bubble colous represents p-value. Upregulated GO
terms are related to RNA processing and ribosome biogenesis, while downregulated GO terms are

related to cilia and cell projection.

94

p-value

1.0e-10

5.0e-11

Number of Genes
® 100
@® 200
@ 300
@ 0

p-value

2e-09

1e-09

Number of Genes

@® 50
@ 100



Mapping H4K20me1 by ChIP-seq

3.6 Mapping H4K20me1 by ChiP-seq

We were interested in determining whether the transcriptional effects of suv4-20h1 were
due to an increase in H4K20mel directly at cilia genes. In order to determine where novel
H4K20mel arose upon knockdown of suv4-20h1, we attempted to perform Chromatin Im-
munoprecipitation with sequencing (ChIP-seq) in Xenopus laevis animal caps. The planned
experiment included 7 conditions (see Table 3.3) and would allow us to assess H4K20mel
localization in suv4-20h1/2 single and double knockdown animal caps, with MCI-hGR overex-
pression. As in the RNA-seq, for each replicate, we injected sibling embryos and performed
ICC against acetylated alpha-tubulin to verify that both an MCI-hGR phenotype and a knock-
down phenotype were present in the majority of embryos. In parallel, we optimized the
ChIP-seq protocol, testing two previously published protocols'’®!7 as published in [180], with
and without nuclei extraction. Shearing was performed using a Bioruptor Pico (Diagenode)
and optimized to generate fragment sizes of 250 bp. This resulted in a fixation time of 20

minutes in 1% PFA, followed by shearing for 10 cycles of 30 seconds on and 30 seconds off

(Figure 3.30 A).
Table 3.3: ChIP-seq experimental conditions.

Morpholino mRNA Antibody
Wild-type n/a H3K27ac
Wild-type n/a H4K20mel
(200 animal caps)
CoMo n/a H4K20mel
CoMo MCI-hGR + dexamethasone H4K20mel
HlMo MCI-hGR + dexamethasone H4K20mel
H2Mo MCI-hGR + dexamethasone H4K20mel
H1H2Mo MCI-hGR + dexamethasone H4K20mel

We tested a ChIP-grade commercial antibody against H4K20mel (ab9051, Abcam) and against
H3K27ac (8173, Cell Signalling Technology) which have been successfully used for Xenopus
ChIP before!” 18, We observed a strong enrichment of target genes by ChIP-qPCR (Figure 3.30
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B).

Despite these efforts, no enrichment was observed in the sequenced ChIP libraries over input
(Figure 3.31). Sample collection for this experiment took over a year, and unfortunately, given
the time required to generate, dissect, and phenotypically validate more than 600 animal caps
per replicate, we decided not to continue with this experiment after receiving these negative
results. ChIP-seq may have been unsuccessful in our hands for a number of reasons. We
made two modifications to the protocol as seen in [180] (originally from'’®), the first was using
a different library preparation kit (NEBNext Ultra II DNA library Prep Kit for Illumina (New
England Biolabs) vs. TruSeq Library Prep Kit (Illumina)), as the original kit was discontinued.
This could have led to a variable result. However, final TapeStation runs from the libraries
prior to sequencing showed good yield and the expected size distributions. Additionally, we

were able to map reads to the genome, indicating that the library preparation worked.
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Figure 3.30: Optimization of ChIP-seq protocol A) Test of shearing conditions. We tested either 0,
5, or 10 cycles on a bioruptor (company). We aimed for an optimal fragment length of 250 bp. This
was achieved with 10 cycles and a fixation time of xx in 1% PFA. Samples were run on a TapeStation
(Agilent). Black triangles indicate peak sizes. B) ChIP-gPCR results showing percent input of H3K27ac
and H4K20me1 at sox17 and tubbala.

An additional possibility is that the antibody was not able to pull down any DNA. The antibody
against H4K20mel has not been validated for ChIP in Xenopus, but this H3K27ac antibody has
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reliably been used before>60,180

, so the antibody is unlikely to be the source of error. The
protocol from [178] includes many wash steps. It is possible that the washing was too stringent,
leading to loss of target DNA from the Dynabeads and the observed lack of enrichment.
Enrichment of ChIP qPCR samples of target sequences could represent non-specific antibody
binding or background, unbound DNA. Additionally, due to the technical constraints of
working with microinjected and dissected animal caps, the amount of starting material was
limited. We used 100 animal caps per replicate, while other ChIP protocols have recommended
as many as 300 animal caps'®!, which would not have been feasible given our experimental
design. We did include a sample comprised of 200 animal caps in both the ChIP-qPCR and
ChIP-seq, but the enrichment was not improved by the higher amount of starting material.
Indeed, while ChIP-seq protocols for Xenopus animal caps have been published, this technique
is not routine or widely performed in our model system. We cannot be certain why we
were unable to observe enrichment after all of the standard controls and optimization steps
appeared successful, but any or all of the problems mentioned above could have contributed.
Recently, CUT&RUN protocols have been established for Xenopus, which would be worth

attempting in the future to map H4K20mel in suv4-20h1 knockdown animal caps'82.
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Figure 3.31: No enrichment of IP samples over input was observed. Browser profiles from H3K27ac
and H4K20me1 ChIP seq. A) Overview of a 1045 kb segment of chromosome 7L shows highly similar
profiles between both antibodies and all 7 conditions. There is little observable difference between
input and ChIP samples. B) Browser profiles for a 36 kb genomic region encompassing tekt3.S, one of
the most highly downregulated cilium genes from the H1 knockdown RNA-seq experiment. Again, little
enrichment over input is observed.
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3.7 Effect of suv4-20h1 knockdown on chromatin accessibility

Our results so far indicate that knockdown of suv4-20h1 results in dampened transcription,
rather than silencing, of active genes, potentially through abberent conversion of H4K20me2
into H4K20mel. H4K20mel function is thought to involve recruitment of reader proteins
and/or compaction of chromatin!?®132, The function of H4K20mel in compaction may be car-
ried out through its reader protein, L3SMBTL1*>13¢  or directly through interactions with the
C terminus of H2A on neighboring histone tails!83. Could the concentrated downregulation of
ciliogenic genes and, as a consequence, the MCC phenotype be caused by a loss of chromatin
accessibility at target genes? We decided to use ATAC-seq to address this question. ATAC-seq
(Assay for Transposase-Accessible Chromatin using sequencing) is a technique that is used
to profile chromatin accessibility. In this approach, a hyperactive Tn5 transposase cuts at
accessible chromatin and binds adaptors to the cut sites, a process known as “tagmentation”.
Due to steric hindrance, the Tn5 only cuts in accessible regions, while less accessible regions
are left intact. From there, tagged sequences can be mapped and accessibility can be assessed

(Figure 3.32 A).

3.7.1 Optimization of Tn5 concentration

While ATAC-seq has previously been used in Xenopus**, we still had to perform some opti-
mization steps. Due to the high amount of yolk present in Xenopus embryos, the technique is
limited to two animal caps per 50ul reaction. Before sequencing can be performed, it is nec-
essary to verify that samples show a good nucleosomal banding pattern. However, using the
previously established Tn5 concentration consistently led to samples being overtagmented.
Because we were unable to increase the number of cells in our reaction, we decided to test
different concentrations of transposase in order to optimize the transposase reaction and
achieve the required nucleosomal banding pattern. The concentration of Illumina TDE1
enzyme is proprietary, so cannot be provided, but we performed a titration of TDE1 using
2.5 ul (100%), 1.9 ul (75%), 1.25 pl (50%), and 0.62 pl (25%) TDEL in duplicate. Again, we saw
that 100% TDE1 resulted in over-tagmented DNA, visible based on a large peak in the low size
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range. On the other hand, 50 or 25% resulted in under-tagmented DNA (not shown). Using
75% TDEL1 consistently resulted in an ideal nucleosomal banding pattern, and this was used

for all downstream analyses (Figure 3.32 B, C).
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Figure 3.32: Optimization of ATAC seq protocol. A) Overview of ATAC seq protocol. Sample DNA is
cut at accessible regions using Tn5 transposase, which inserts adapter sequences at these regions.
DNA is amplified and sequenced to map chromatin accessibility. Adapted from [184] B, C) Tapestation
traces depicting fragment size and sample intensity of ATAC seq libraries prior to bead-based size
selection. Transposase amount was titrated to an optimal concentration for two Xenopus laevis animal
caps B) 100% of recommended Tn5 transposase concentration (2.5 pl of lllumina Tagment DNA TDE1
Enzyme) leads to overtagmented DNA, which is evident from the large peak in the 100-200 bp range. C)
75% of recommended Tn5 transposase concentration (1.88 pl of lllumina Tagment DNA TDE1 Enzyme)
consistently resulted in an ideal nucleosomal banding pattern, an indicator of high-quality libraries.
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3.7.2 Suv4-20h1 increases chromatin accessibility

To determine the effect of suv4-20h1 knockdown on chromatin accessibility, we performed
ATAC-seq in HIMo and CoMo injected animal caps. We used 2 animal caps per condition in
triplicate across three replicates, staged to NF16 according to sibling embryos. We identified
118 809 total peaks, comparable to other ATAC-seq results in Xenopus'*8. In total, 24604 (20.7%)
are found at promoters, 1648 (1.4%) immediately downstream of the TSS, 1512 (1.3%) at the 5’
UTRs, 996 (0.8%) at the 3’ UTRs, 4489 (3.8%) in the exons, 42188 (36%) in the introns, and 43372
(36%) in the intergenic regions. Of these peaks, 556 are differentially accessible (Figure 3.33
A). Contrary to our expectations, most of the peaks increased in accessibility, while only 17
peaks became less accessible. Of the differentially accessible peaks, 44 (8%) at promoters, 6
(1.1%) immediately downstream of the TSS, 5 (0.9%) at the 5’ UTRs, 2 (0.35%) at the 3’ UTRs,
13 (2.3%) in the exons, 220 (39.5%) in the introns, and 265 (47.7%) in the intergenic regions
(Figure 3.33 B). Overall, the effect is mild, with only approximately 0.5% of peaks changing
in accessibility. This does not support the hypothesis that decreased accessibility due to an

increase in H4K20mel is the mechanism responsible for the ciliogenic phenotype.
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Figure 3.33: H1 knockdown leads to increased chromatin accessibility. A) MA plot showing differen-
tially expressed peaks in H1 knockdown animal caps. Significantly changing peaks are shown in red
(p<0.05). The majority of peaks are increasing rather than decreasing. This indicates a mild chromatin
opening effect of H1 knockdown in Xenopus laevis animal caps. B) Distribution of peaks across ge-
nomic features. N = 3 biol. replicates.
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DISCUSSION

In this thesis, we show that a single histone-modifying enzyme, suv4-20hl, is responsible for
regulating multiciliogenesis. Multiciliated cells (MCCs) represent a terminally differentiated
and highly specialized cell type and a key component of mucociliary epithelia. Making an MCC
requires deploying a complex gene regulatory network and intricate cellular processes!®?.
Over the years, our lab has detailed an unexpected link between this unique cell type and
suv4-20h1, the enzyme that writes the monomethyl mark on histone 4 lysine 20. By extending

this knowledge through the work presented in this thesis, I contribute five key novel insights:

1. Suv4-20hl1 and suv4-20h2 independently influence H4K20 methylation state in Xenopus.

2. Suv4-20h1 knockdown alone is responsible for ciliogenic defects on the phenotypic and

transcriptional level, and this relies on the enzyme’s catalytic activity.

3. Catalytic activity of PHF8, an H4K20mel demethylase, can rescue ciliogenic defects
caused by suv4-20h1 knockdown.

4. Downregulation of ciliogenic genes is not caused by the repression of a ciliogenic
regulator and cannot be rescued by overexpression of multicilin, the master regulator

of multiciliogenesis.

5. Despite concerted downregulation of ciliogenic genes, suv4-20h1 knockdown leads to a

mild increase in chromatin accessibility in Xenopus animal caps.

Our findings reveal an intriguing and specific interdependence between the epigenetic
landscape and epidermal differentiation, but the exact mechanism remains undetermined.
In the following discussion, I will present our current hypotheses regarding the regulatory role
of suv4-20h1 in MCCs. These hypotheses draw on evidence linking both H4K20 methylation
and multiciliogenesis to the cell cycle. We also take into account the possibility of histone-

modifying enzymes targeting non-histone substrates. Additionally, we consider the distinct
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chromatin states observed in post-mitotic cells and the involvement of H4K20 methylating

enzymes in these processes, particularly in the context of development and disease.

4.1 Specificity of the phenotype

We demonstrate that this phenotype is specific through several orthologous methods. The
ciliogenic phenotype can be generated by two non-overlapping antisense morpholinos**.
This indicates that the ciliogenic defects are most likely not due to off-target effects of the
morpholino but a genuine consequence of suv4-20h1 depletion. We show here that ciliogenesis
can also be rescued by wild-type but not catalytically inactive suv4-20h1, indicating that the
phenotype depends on the catalytic activity of suv4-20h1. This suggests that the methylation
of some substrate, most likely conversion of H4K20mel to H4K20me2, is required for cilia

tuft assembly.

The double knockdown of the suv4-20h enzymes results in the loss of both H4K20 di- and
trimethyl marks in the developing Xenopus embryo, which led us to propose two potential
mechanisms for the observed ciliogenic phenotype. The first hypothesis is that the loss of
the heterochromatic H4K20me3 mark could have caused the deregulation of a repressor
of ciliogenesis, potentially suppressing the entire ciliogenic genetic program. Alternatively,
given the substantial increase in H4K20mel levels, we hypothesized that if H4K20mel were
responsible for the ciliogenic phenotype, we would expect cilia-related genes among those
downregulated. Indeed, our analysis of the suv4-20h1/2 double knockdown dataset reveals

that ciliogenic genes are downregulated in a coordinated manner.

Additionally, we show by mass spectrometry that while the phenotype relies on catalytic
activity by suv4-20h1, this enzyme does not write the trimethyl mark in our system, ruling out
the involvement of H4K20me3 in ciliogenesis. Although H4K20me3 has previously been shown
to cause developmental phenotypes in the Xenopus embryo, including the derepression of oct-
25, which causes neurodifferentiation defects through double knockdown of suv4-20h1/2144,
this does not appear to be the same mechanism regulating ciliogenesis. Taken together, this

data supports the hypothesis that the substantial increase in H4K20mel may be the primary
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cause of the observed defects.

4.2 Demethylation of H4K20me1 partially alleviates the ciliogenic

defects

To test this hypothesis further, we performed rescue experiments with the H4K20mel
demethylase, PHF8. PHF8 (PHD Finger-containing protein 8) is a Jumonji C Domain (JmjC)-
Containing histone demethylase that is targeted to promoters by its PHD finger, which binds
H3K4me3 and allows the JmjC domain to execute its catalytic function!?*!3, In zebrafish,
PHF8 knockdown is required for proper craniofacial development and neurite outgrowth!3°,
It is also involved in regulating cell cycle progression'?. The combination of PHFS as a cell
cycle regulator, involved in developing ectodermal and cytoskeletal elements like the jaw
and the neurons, makes it an intriguing candidate to have a function in ciliogenesis. We
hypothesized that if the ciliogenic phenotype were caused by the increase in H4K20mel,

removing some of the methyl marks with PHF8 would rescue the phenotype.

We observed that PHF8 improves cilia condition in the majority of knockdown MCCs. In
addition, PHF8 can restore the actin cap, while injection of a control mRNA did not rescue. On
the transcriptomic level, downregulated genes are not perfectly rescued, but most of the genes
move back toward normal expression levels, so we consider their expression to be improved.
Overall, PHF8 ameliorates the ciliogenic defect on the phenotypic and transcriptional levels.
However, we also looked at the effect of PHF8 on H4K20 methylation levels and did not see a
change in methylation state abundance in bulk chromatin for H4K20mel or its additional
targets, H3K9mel/2. SET8 writes H4K20mel indiscriminately across the genome, while PHF8
only demethylates a smaller set of promoters. This may indicate a local change to H4K20mel
thatis not detectable on bulk chromatin, in line with a previous study in zebrafish that showed

only a small decrease in H4K20mel at PHFS target loci upon depletion!3°.
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4.3 Only suv4-20h1 is required for ciliogenesis

One of our most striking findings is that suv4-20h1 alone is responsible for the transcriptional
changes underlying the ciliogenic phenotype. Knockdown of suv4-20h1 leads to the misreg-
ulation of hundreds of genes, with a concerted downregulation of ciliogenic genes, while
suv4-20h2 barely affects transcription, and the misregulated genes do not show a ciliogenic
connotation. On the phenotypic level, dramatic ciliogenic defects are caused by suv4-20h1

knockdown, while suv4-20h2 alone apparently does not affect MCCs.

Double knockdown of suv4-20h1/2 leads to a global shift of the H4K20 methyl landscape
towards H4K20mel. Over 60% of all H4K20 becomes monomethylated, from an initial level
of approximately 20% in wild-type embryos. From the literature, we expected that suv4-20h1
was responsible for writing the dimethyl mark, while suv4-20h2 was responsible for writing

the trimethyl mark, as in MEFs!?’

. However, mass spectrometry revealed that suv4-20h1 and
suv4-20h2 contribute similarly to writing the dimethyl mark. So, we have two enzymes that are
similar in structure and substrate specificity, converting H4K20mel into H4K20me?2. However,
one of these enzymes strongly affects transcription and multiciliogenesis, and the other does

not.

We asked ourselves how we might see such an apparently specific effect on cilia when the
impact on H4K20mel is so broad and appears to be similar between suv4-20h1 and suv4-20h2.
Could a major multiciliogenic regulator be misregulated by suv4-20h1, causing the down-
stream effects on ciliogenesis and transcription? We checked the changes in transcription of
known ciliogenic regulators upon suv4-20h1 knockdown, including MCI and foxjl, the master
regulators of multiciliogenesis. None of the known critical ciliogenic regulators were signif-
icantly downregulated in our suv4-20h1 knockdown dataset. E2F proteins, some of which
have been shown to play roles in regulating ciliogenesis''®, are also not significantly affected
by suv4-20h1 knockdown, except E2F1, which has not been shown to have a specific role in
ciliogenesis. Thus, our ciliogenic phenotype is not likely due to repression of a ciliogenic
regulator. What additional differences between these two enzymes could account for the

divergence of function we observe in MCCs?
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4.3.1 Structural differences between suv4-20h1 and suv4-20h2

Suv4-20h1 and suv4-20h2 are structurally similar enzymes. They have similar domain archi-
tecture, with an N-terminal helical domain and a post-SET domain'*. Their catalytic domains
also share high sequence homology. However, suv4-20h2 is stably associated with pericentric
heterochromatin through its interactions with HP1, while suv4-20h1 does not share the same
association!®®. It could be that stable interaction with HP1 sequesters suv4-20h2 to heterochro-
matic portions of the genome, where it would catalyze the conversion of SET8-dependent
H4K20mel to both H4K20me2 and H4K20me3 states. While this mechanism would not hinder
suv4-20h1 from reaching heterochromatin, it may be primarily active in euchromatic regions
due to its higher structural accessibility. Thus, suv4-20h1 and suv4-20h2 functions would
be segregated between eu- and heterochromatin, respectively, which could explain their
strikingly different impact on gene transcription. This hypothesis would be worth exploring
further, ideally using antibodies or knock-in strategies to tag the two enzymes. Additionally,
mapping of novel H4K20mel peaks by CUT&RUN would inform whether partitioning of

genomic regions between the two enzymes plays a role in this phenotype.

4.3.2 Functional differences between suv4-20h1 and suv4-20h2

Multiciliogenesis is not the only process in which functional differences between suv4-20h1
and suv4-20h2 have been reported. In mice, suv4-20h1 knockdown causes perinatal lethal-
ity, while suv4-20h2 knockdown mice develop normally'?’. This could be due to the overall
lower expression of suv4-20h2 in mouse embryos compared to the widespread expression
of suv4-20h1. Suv4-20h1 also has an independent function in neurogenic disorders. It is a
key Autism spectrum disorder risk gene, with certain de novo patient mutations leading to
neurodevelopmental disorders!®®. On the other hand, the same study found that de novo
mutations to suv4-20h2 were not associated with disease phenotypes. Similarly, de novo muta-
tions to suv4-20h1 have been identified to play a role in congenital heart disease'®’. Suv4-20h1
also plays a unique role in regulating muscle satellite cell differentiation, likely through the
maintenance of heterochromatic H4K20me3. In this system, suv4-20h1 and suv4-20h2 seem

to have opposing roles with regard to proliferation, with suv4-20h1 depletion leading to an
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increase in proliferating satellite cells, and suv4-20h2 leading to a decrease in proliferation!®8,
Here, we report an additional unique function for suv4-20h1 in multiciliogenesis. Suv4-20hl,
but not suv4-20h2 depletion, leads to defects in the cilia and apical actin meshwork of affected

MCCS and significant downregulation of ciliogenic genes.

4.3.3 Non-histone substrates of H4K20 methylating enzymes

Recently, additional substrates for histone methylating enzymes have been identified, and
we asked whether this could explain our phenotype. For example, CTNNBL1 was shown
to be methylated by PRDM9'%°| and SET8 has been shown to methylate a-tubulin'®. Even
suv4-20h1 has been shown to methylate non-histone substrates, including CASZ, a zinc finger
transcription factor, and OSBPLIA, a protein that transports oxidized sterols'®!. It has also
recently been shown that suv4-20h1 is found in the nucleus in interphase cells but relocates to
the mitotic spindle in metaphase of mitotic cells**?. Our lab has previously imaged flag-tagged
suv4-20h1 in the Xenopus epidermis and found that it localizes to the nucleus but not to the
cilia, so we do not expect that suv4-20h1 is directly methylating tubulin!*>. Additionally, wild-
type but not catalytically inactive suv4-20h1 can rescue these phenotypes. Our phenotype is
dependent, at least in part, on the catalytic activity of suv4-20h1. Nevertheless, we cannot
exclude the possibility that suv4-20h1 exerts its function in ciliogenesis through methylation

of a nuclear non-histone substrate.

Additionally, several factors could influence suv4-20h1 localization. Facioscapulohumeral
muscular dystrophy gene, FRG], is a binding partner of suv4-20h1 and is ubiquitously ex-
pressed, including in the MCCs of the mammalian bronchi. Direct binding by FRG1 leads
to mislocalization of suv4-20h1 and a subsequent derepression of Eid3, a muscle differenti-
ation gene'®®. FRGI is also critical for Xenopus muscular development®**1%. This example
demonstrates a mechanism by which binding proteins may disrupt suv4-20h1 localization,

withdrawing it from its epigenetic targets.
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4.4 HA4K20 methylation and the cell cycle

H4K20 methylation is highly connected to the cell cycle. The mark is written in a cell cycle-
dependent manner, meaning that H4K20 methylation levels fluctuate with the cell cycle phase
(see Figure 1.9). In cycling cells, H4K20mel is written by SET8 from late S-phase, through
mitosis until late in Gl-phase when SETS is degraded'?!. Then, the suv4-20h1/2 can write the
higher methylated states!'?8. PHFS$ is phosphorylated by mitotic kinases, causing release from
chromatin, which probably contributes to the increase in H4K20mel levels during mitosis!?’.
Could this cell cycle connection provide insight into the molecular basis of the ciliogenic

phenotype?

4.4.1 Cellular machinery is shared by cilia and the cell cycle

The cellular machinery required to make cilia comprises proteins like tubulins, actin, and
centriolar proteins. Basal bodies themselves are modified centrioles. These proteins are
critical for cell cycle progression. Because of this, MCCs are not compatible with mitosis.
Structures that make up MCCs, such as cilia and multiple centrioles, would be harmful to
the formation of the mitotic spindle, and mitosis would be unlikely to progress normally.
We postulate that H4K20mel safeguards the process of mitosis by repressing ciliogenic and

cytoskeletal genes en masse.

Ciliogenesis and the cell cycle are closely interconnected. Primary cilia formation is believed
to be a key regulator of cell cycle progression and timing. Primary cilia may regulate the cell
cycle through various mechanisms, such as controlling the duration of the G1-phase based
on cilia length after cell cycle re-entry or acting as a brake to cell cycle progression. Forced
ciliogenesis, for instance, arrests the cell cycle at the G1/S transition'>%1¢, One of the most mis-
regulated genes in our dataset upon suv4-20h1 knockdown is IFT88, an intraflagellar transport
protein involved in transporting materials from the base to the tip of the cilia®’~1%%. 1t plays
roles not only in ciliogenesis but also in the cell cycle, having been shown to regulate the G1/S
transition in non-ciliated cells?*°. Knockdown of IFT88 leads to shorter cilia, but it can also

rescue defects in ciliogenesis and the cell cycle caused by the depletion of NDE1, a negative
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regulator of ciliary length—Knockout of NDE1 results in abnormally long cilia and delayed
cell cycle re-entry. However, further knockout of IFT88 restores the length of NDE1-depleted
cilia to normal, likely by shifting transport equilibrium from growth-favouring anteretro-
grade transport towards disassembly-favouring retrograde transport. IFT88 knockdown also
reverses the delays in cell cycle re-entry caused by NDE1 knockout!™. IFT88 represents an
interesting candidate gene for further study due to its strong downregulation in our dataset

and its roles in ciliogenesis and the G1/S transition.

We also see connotations related to the cell cycle in the upregulated gene category of our
suv4-20h1 knockdown RNA-seq, including GO terms such as “mitotic cell cycle”, “microtubule
cytoskeleton involved in mitosis”, and “cell division”. Here, we see cells sitting in the GO-phase
but with the H4K20 methylation levels of a cell preparing for mitosis. Even the pathway that
controls the differentiation of MCCs is regulated by the mitotic oscillator'®®. Cdk1, APC/C, and
PIK1 control entry and exit into mitosis, and at an attenuated level, they are also responsible
for regulating the entry and exit of the growth phase of basal body duplication during multicil-
iogenesis. As a reminder, centriole duplication occurs in three distinct phases. The first is the
amplification phase, in which the centrioles are duplicated through the centriole-dependent
and independent pathways, either from the mother centriole or the deuterosome. Next, the
centrioles leave the amplification phase and enter the growth phase, increasing in size. Lastly,
they enter the disengagement phase, where they are released from the deuterosome and
migrate towards the apical surface of the cell'?, When cdk1 or plk1 are inhibited, too many
centrioles are formed. When cdkl is hyperactivated, too few centrioles are formed, and
when APC/C is inhibited, the basal bodies fail to disengage and dock to the apical surface'®.

Centriole disengagement and cilia formation are perturbed in our MCCs, and this could be

due to the involvement of the mitotic oscillator.

4.4.2 H4K20 methylation and quiescence
The connection between H4K20 methylation and the cell cycle is clear, but H4K20 methylation

levels in post-mitotic cells differ from those in proliferating cells. H4K20mel levels fluctuate

the most throughout the cell cycle of any H4K20 methylation state!'?®. Peak H4K20mel levels
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are reached at the G1/S transition just before SET8 becomes degraded. In quiescent cells,
H4K20mel is very low. This prompted the idea that our MCCs may represent a compromised
state of quiescence. The differentiated and post-mitotic state of MCCs is similar to a state of
cellular quiescence, so we might expect H4K20mel levels to be similar to those of quiescent
cells. This also parallels findings from our lab based on mathematical modeling in cell

cycle-arrested embryos?"!

. Embryos treated with the S-phase inhibitor hydroxyurea (HUA)
hyper-accumulate H4K20 di- and trimethyl marks. In a cycling embryo, higher methylation
levels are kept in check by S-phase dilution. In the absence of the cell cycle, demethylation
is required to maintain normal H4K20 methylation kinetics. Interestingly, mathematical
modeling predicts that embryos with a blocked cell cycle require active demethylation to
explain the measured H4K20me2 and me3 levels, while S-phase dilution is sufficient to
maintain the ratio of the H4K20 methylation states in normal proliferating embryos without
a cell cycle block. When MCC precursors become post-mitotic, these proposed mechanisms
would ensure a chromatin landscape in which the H4K20mel levels are compatible with cilia
tuft assembly. In suv4-20h1 morphant embryos, however, the abnormally high abundance
of H4K20mel seems to interfere with this process. This hypothesis is consistent with the
rescue of the ciliogenic phenotype by coexpression of enzymatically active suv4-20h1 or PHFS,
which either remove or convert H4K20mel out of the chromatin landscape. Indeed, this study
highlights the importance of demethylases like PHF8 in regulating the methylation landscape

in the chromatin of differentiating, post-mitotic cells.

4.5 Regulation of post-mitotic cells by suv4-20h1

Here, we demonstrate how suv4-20h1 regulates MCCs, a post-mitotic cell type. The link
between H4K20 methylation and MCCs would not have been possible to identify in a different
model organism. Xenopus MCCs are located on the surface of the embryo, making them
easy to observe and image. Many of the previous studies on H4K20 methylation have been

performed in cycling cells!26:132,202

. Indeed, a complex and easily manipulable model system
such as Xenopus embryos in their natural course of development provide the opportunity to

observe such striking and possibly clinically relevant phenotypes. Simple systems such as
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cell culture of immortalized cell lines are much more limited in their response repertoire.
Systems like Xenopus draw attention to an underexplored field in epigenetics: the control of

transcriptional circuitries in non-proliferating cells.

However, MCCs are not the only post-mitotic cell type regulated by suv4-20h1. Recently, suv4-
20h1 has been shown to play a role in the apoptosis pathway in post-mitotic neurons of the
amygdala and cerebellum through Rbl binding?®. The binding of suv4-20h1 by Rbl1 leads to
the activation of Caspase/Bcl2. Rbl knockout or deficient patient mutations of Rb1 result in
inappropriate apoptosis in hindbrain neurons, and these defects can be partially rescued by

overexpression of suv4-20h1203,

Many of the unique functions of suv4-20h1 highlighted in section 1.4.1 involve specialized post-
mitotic cell types. As previously mentioned, suv4-20hl is required to maintain quiescence
in muscle satellite cells. Depletion of suv4-20hl in satellite cells leads to an increase in
proliferating cells, while suv4-20h2 depletion inhibits proliferation. Consistent with our
data, this study finds that suv4-20h1 depletion decreases H4K20me2, with a concomitant
increase in H4K20mel and no difference in H4K20me3. This suggests the H4K20mel promotes
proliferation relative to H4K20me2/3 and demonstrates a unique function for suv4-20h1 in

regulating the quiescence of satellite cells'®®.

4.6 An alternative pathway for regulating multiciliogenesis?

Our lab previously demonstrated that the suv4-20h1/2 knockdown phenotype could not be

145 Mci is the master regulator of ciliogenesis!'®

rescued by multicilin (mci) overexpression
and is sufficient to convert goblet cells to an MCC-like fate. Berges [145] observed that in “new”
MCCs, even though cilia are not present, these cells still undergo basal body multiplication.
This indicates that the cells are converted to an MCC-like fate but lack cilia. We wanted to
harness this effect to drive more cells in the animal cap to become multiciliated and overcome

the relatively low proportion of MCCs.

Overexpression of mci led to a higher proportion of cells becoming multiciliated and a
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significant upregulation of ciliogenic genes. Even in suv4-20h1 knockdown embryos, it was
evident, based on the multiplication of basal bodies, that most injected cells had adopted
a multiciliogenic fate. However, injected cells lacked cilia in suv4-20h1 knockdown, mci
overexpressing embryos, and ciliogenic genes were still significantly downregulated. These
transcriptional changes were almost entirely driven by suv4-20h1 knockdown and not by mci
overexpression, even though mci overexpression results in a dramatic remodeling of the
Xenopus embryonic epidermis and downstream regulators of the ciliogenic pathway are not
affected and cannot rescue the ciliogenic phenotype. This argues that suv4-20h1 regulates

ciliogenesis through an alternative pathway to the canonical multiciliogenesis signal cascade.

4.7 Histone modifications and chromatin accessibility

Histone modifications have been broadly shown to affect chromatin architecture and acces-
sibility. Acetyl marks, for example, directly influence chromatin accessibility by reducing
the charge of the histone tail, changing its electrostatic interactions with DNA®2, Lysine
methylation can indirectly lead to changes in accessibility by recruitment of reader proteins.
H4K20mel has varying effects on chromatin accessibility. This modification has been shown
to orchestrate transcriptional repression through one of its reader proteins, L3MBTLI1, which
directly contributes to chromatin compaction'®>13¢, Due to this connection, we hypothesized
that the expression of ciliogenic genes might be downregulated, at least partially, through
transcriptional repression linked to changes in chromatin accessibility. On the other hand,
H4K20mel is also linked to chromatin openness by decorating the gene bodies of active
genes, and it is correlated to transcription of highly transcribed housekeeping genes'®2. Once
again, the function and connotation of H4K20mel regarding chromatin accessibility remain

ambiguous.

Still, it is clear that H4K20mel is connected to changes in chromatin accessibility, which could
be a contributing mechanism to the ciliogenic phenotype. ATAC-seq profiling of suv4-20h1
knockdown animal caps showed a mild opening effect on the chromatin, with few differen-
tially accessible peaks, most of which were increasing in accessibility. This result is consistent

with data linking H4K20mel with chromatin openness'®2. However, most differentially ac-
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cessible peaks are found in intergenic or intronic regions, and very few can be mapped to
genes. If accessibility were playing a strong role in the ciliogenic phenotype, we would have
expected a decrease in accessibility at the regulatory regions of ciliogenic genes. Instead, we
see a mild opening of the chromatin. It could be that accessibility is increased at a gene with
a negative impact on ciliogenesis. For example, one of the genes with increased accessibility

204 However, we do not see a

is foxil, a key transcription factor in ionocyte differentiation
change in the expression of foxil by RNA-seq or a decrease in multiciliated cell number, so
this seems unlikely. Overall, the role of suv4-20h1 in multiciliogenesis does not seem to be

operating through alterating chromatin accessibility.

4.8 A critical function for suv4-20h1 in multiciliogenesis

This study clearly demonstrates a function for suv4-20h1 in multiciliogenesis. We have shown
that this phenotype is specific through rescue with wild-type and catalytically inactive suv4-
20h1. We also show a sizeable underlying shift in H4K20 methyl abundance upon single
knockdown of suv4-20h enzymes. Here, we propose a model to link suv4-20h1 and mul-
ticiliogenesis (Figure 4.1). In wild-type cells, suv4-20hl is present and capable of writing
H4K20me?2, a transcriptionally neutral mark, allowing regular transcription of genes related
to ciliogenesis and cytoskeleton. In turn, a normal multiciliated cell with full-length cilia,
regularly spaced basal bodies, and an intact actin cap is formed. When we knock down
suv4-20h1, H4K20me2 cannot be written. Concurrently, the suv4-20h1 depleted chromatin
accumulates H4K20mel, potentially leading to a downregulation of cytoskeleton and cilia

genes and ultimately to our multifaceted ciliogenic phenotype.

However, the precise mechanism by which suv4-20h1 regulates MCCs remains elusive. In this
discussion, we have speculated on a few potential mechanisms that I will summarize here.
Dimethylation of H4K20 by suv4-20h1 could be required directly at ciliogenic genes to allow
ciliogenesis. This could be demonstrated through mapping of H4K20mel in the presence
or absence of suv4-20h1 by CUT&RUN. If novel H4K20mel peaks appear at the regulatory
regions of downregulated ciliogenic genes, we could demonstrate that H4K20mel has a broad

negative transcriptional effect on multiciliogenesis. Alternatively, even though none of the
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. cilia genes
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Figure 4.1: A model for the regulation of ciliogenesis by suv4-20h1. Adapted and reprinted with
permission from Life Science Alliance (Angerilli, Tait, et al.’).

known ciliogenic regulators were misregulated in our RNA-seq dataset, it could be that a
yet undiscovered ciliogenic transcription factor is misregulated, leading to a downstream
mass misregulation of ciliogenic genes and the multiciliogenesis program. Along these lines,
it could be that a repressor of ciliogenesis became derepressed by suv4-20h1, potentially
through increased chromatin accessibility, and that this repressor is executing the transcrip-
tional regulation. However, we have not identified potential candidates in the RNA-seq or
ATAC-seq datasets. Very recent work has shown that in Drosophila H4K20 reader and writer
proteins, L3MBTL1 and SET8 execute their transcriptional functions independent of H4K20
methylation?%. This could also hold true for suv4-20h1 and PHFS. We have shown that the
catalytic activity of these enzymes is required for ciliogenesis, but they could be regulating

multiciliogenesis through the methylation of a different, unknown target.

This raises the additional question of whether it is possible to fully decode the significance of
a histone modification by functional analysis of its writers and erasers. Historically, much of
the knowledge we have gained on the functions of histone modifications has come from either
knocking out its modifying enzymes or, in amenable species, by mutating the histone residues
themselves?°%207, While these strategies have been highly informative, they are complicated
by several factors. Many histone-modifying enzymes have non-histone substrates and non-
catalytic functions, making it difficult to ascribe a direct role to a modification in phenotypes

caused by manipulating histone-modifying enzymes. Further, the roles of modifications
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may be context- or location-dependent and may be due to the recruitment of other proteins
to the modification site. Measures like catalytically inactive rescue experiments address
the problem of non-catalytic functions of the enzyme, and recently engineered chromatin
readers have emerged as a way to edit the epigenome in a targeted manner without the
added complication of additional functions or recruitment of other proteins?°%2%°, However,
neither of these methods addresses the issue of non-histone substrates of histone-methylating
enzymes. It will be interesting to see how these technical limitations are overcome in the

future.

4.9 Implications for development and disease

Our findings have several implications for development and disease. Defective cilia and
mucociliary epithelia are both linked to pathologies. Mucociliary epithelia are key compo-
nents of the respiratory system. Failures in ciliogenesis, or other aspects of the formation of
mucociliary epithelia, are implicated in respiratory illnesses, including primary ciliopathies.
In our double knockdown RNA-seq dataset, all genes related to Bardet-Biedl syndrome, an
autosomal recessive ciliopathy that affects multiple systems, are downregulated. This study

could provide insight into the molecular mechanism underlying Bardet-Biedl syndrome.

As mentioned above, de novo mutations to suv4-20h1 have been linked to congenital heart
disease, with a subset of these patients exhibiting heterotaxy'®’. Indeed, we find that CFAP45,
a gene associated with heterotaxy and congenital heart disease, is significantly misregulated
in suv4-20h1 knockdown animal caps. This gene has been shown to affect cilia stability in
both monociliated cells and MCCs in Xenopus*'?. CFAP45-depleted MCCs show reduced cilia
that resemble the phenotype we observe in suv4-20h1-depleted MCCs. This could represent a
mechanism by which suv4-20h1 is implicated in congenital heart disease through its function

in cilia, which our lab identified.

Additionally, our study may have implications for neurological disorders like autism spectrum
disorder and X-linked intellectual disability. Suv4-20h1 has been identified in several studies

as one of the critical autism risk genes. Loss of suv4-20h1 in the prefrontal cortex leads to some
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of the core autism phenotypes?!!. Chromatin regulators are implicated in Autism spectrum
disorder, potentially through generating synapse defects'*?. Additionally, mutations to PHF8
have been linked to X-linked intellectual disability'*°. Suv4-20h1 has a proposed role as a tumor
suppressor, and mutations to suv4-20h1 are also linked to several types of cancer, including
AML, glioblastoma multiforme, and breast cancer'*>?!2, In the future, H4K20-methylating

enzymes could represent exciting candidates for drug development.

4.10 Future directions

This data has prompted a number of intriguing questions that could be examined in subse-
quent studies. Mapping H4K20mel by CUT&RUN could determine whether the misregulated
genes are direct targets of suv4-20h1 and may elucidate whether de novo H4K20mel is respon-
sible for the observed transcriptional misregulation. H4K20 demethylases have also emerged
as important regulators of the epigenetic landscape. It would be interesting to profile the
role of PHF8 in multiciliogenesis and Xenopus development in-depth. Extensive phenotypic
analysis of the other H4K20 demethylases, RSBN1 and hHR23b, could give us a more compre-
hensive picture of the role of H4K20 methylation in development and could provide a tunable
“molecular toolbox” to modify H4K20 methylation levels through combinatorial overexpres-
sion and depletion of methylating and demethylating enzymes. Alternatively, to address the
possibility of suv4-20h1 and PHF8 acting on non-histone substrates, future studies could focus
on defining the interactome of these enzymes by performing ChIP-Mass Spectrometry in cell

cycle-synchronized cells.

MCCs are highly visible and specialized, so it makes sense that we would readily detect this
defect in this cell type. However, MCCs are not the only highly specialized, post-mitotic
cell type with cytoskeletal outgrowths. It would be interesting to investigate whether other
cell types are similarly affected by suv4-20hl depletion during embryonic development.
Of particular interest would be studying the effect on neurons. This would give us more
information about whether this effect is specific to MCCs or may apply more globally to

terminally differentiated cell types.
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411 Conclusion

This work shows that a single histone modifying enzyme, suv4-20h1, regulates multiciliogene-
sis in Xenopus embryos. Knockdown of suv4-20h1 leads to a global shift in H4K20 methylation
abundances, a striking ciliogenic phenotype, and the downregulation of hundreds of cilio-
genic and cytoskeletal genes. This phenotype is specific and relies on the catalytic activity of
suv4-20h1 and can be partially rescued by enzymatically active PHF8, an H4K20mel demethy-
lase. The ciliogenic phenotype may be linked to the cell cycle and represents a novel function
for suv4-20h1 in post-mitotic cells. This work has substantial implications for the fields of
epigenetics and cell biology. Furthermore, perturbation of either suv4-20h1 or MCCs can
result in respiratory illness, neurodevelopmental disorders, and congenital heart disease.
These results could shed light on the biological processes underpinning these prominent

clinical phenotypes.
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