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ABSTRACT

Long non-coding RNA’s are a broad class of non-protein coding RNAs >200
nucleotide in length. Although the importance of IncRNAs in various cellular
functions is increasingly becoming clear, their role in regulating vertebrate
development still remains unexplored. A recent study on gene expression during
zebrafish development identified 1133 IncRNAs, a majority of these INcCRNAs (566)
were antisense ncRNA (Pauli et al., 2012). Antisense INncCRNAs, a class of IncRNAs,
have been shown to act either as positive or negative regulators of overlapping
protein-coding mMRNAs.

To understand the role of antisense RNAs in early vertebrate development, we took
a data mining approach. A computational analysis of RNA sequencing data from
zebrafish development indicates that a number of antisense RNAs are present in
embryos even before the zygotic gene transcription is initiated indicating that they
are probably of maternal origin. In addition, our results hint at the role of the
antisense RNAs in regulating transcription of developmental genes. Additionally,
implying their role in zygotic genome activation. To further investigate this
hypothesis, we employed transcriptomics methods to examine RNAs from the
nuclear and cytosolic fractions from zebrafish embryos at different stages of
development. The RNA-seq and CAGE-seq revealed spatial and temporal
regulation of INcCRNA expression during zebrafish development. It further revealed
differences in promoter width and TSS usage between the nuclear and cytosolic

fractions.
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CHAPTER 1: INTRODUCTION

1.1 Zebrafish as a model for vertebrate development

There have been many studies in the past demonstrating the resemblance of
specific stages in all vertebrate embryos with development such as neurula stage,
pharyngula stage (Richardson et al., 1997), or the tailbud stage (Slack et al., 1993).
The Richardson et al. study showed a highly conserved developmental stage, late
tailbud, the majority of vertebrate embryos possess somites, neural tube, notochord,
optic anlagen and pharyngeal pouches (Richardson et al., 1997). Due to the
conservation of developmental stages, studies on embryogenesis in other
vertebrates like fish, amphibians and mouse are used to understand human
embryonic development.

Zebrafish (Danio rerio) is a freshwater fish native to the streams of Himalayan
region. Zebrafish derives its common name because of its physical appearance, the
presence of black and white horizontal stripes. Zebrafish is one of the popular
animal models which is routinely used to understand early development. Zebrafish
has several advantages over other well-established vertebrate model organisms like
mouse. They can reproduce throughout the year and zebrafish produces much
larger number of offsprings per generation. Unlike in case of mouse, zebrafish
embryos remain translucent throughout development, allowing us to observe them
during embryogenesis. The embryos are relatively small and easy to maintain at
higher densities. In comparison to other vertebrates, they are less expensive and
easier to maintain. In addition, external fertilization process makes it easier to carry

out genetic manipulation which is very useful in developmental studies. The



embryos develop rapidly within a span of 3 days post fertilization (dpf) which is much
time-saving as compared to other vertebrate model organisms such as frogs (21

dpf) and mouse (20-27 dpf).

1.1.1 Zebrafish embryogenesis & the stages of development

In Zebrafish, embryonic development starts by fertilization of externally laid eggs
and spans across a period of 3 dpf. Initially, the embryo undergoes 10 rapid and
asynchronous cell divisions which is followed by lengthening of the cell cycle.
Zebrafish development is broadly categorised into seven periods - the zygote,
cleavage, blastula, gastrula, segmentation, pharyngula and hatching (Kimmel et al.,
1995) (Fig 1.1.1- 1.1.4). The focus of this study is on the early stages of
development up to cell cycle 16 (gastrulation). Hence, for simplicity | will only be
discussing in detail about the cleavage periods from zygote to gastrula period in this

review of literature.

1.1.1.1 Zygote period (0-0.75 hours post fertilisation (hpf))

The formation of a zygote depends on the initial fusion of the sperm and egg, the
respective male and female gametes. This process is termed as fertilization which
is similar for most animals. In zebrafish, activation of the egg occurs by coming in
contact with water which within a few seconds triggers the formation of an outer
chorion layer to prevent polyspermy. The activation also prompts the completion of
the second meiotic division in zebrafish oocytes. The sperm only enters the oocyte
at a specific location in the animal pole called the micropyle. Once inside the egg,
the sperm disassembles releasing the pronucleus which fuses with the egg

pronucleus to form the zygotic nucleus triggering the first mitotic division. In



zebrafish, the process takes about 40 minutes after fertilisation (zygote period) until
the first cleavage occurs. During this time, the chorion swells, and the formation of
a blastodisc from the cytoplasm at the animal pole occurs (Fig 1.1.1a) (Kimmel et

al., 1995).

1.1.1.2 Cleavage period (0.75-2.25 hpf)

This period consists of six cell cycle divisions each occurring after an interval of 15
mins at regular orientations. Therefore, the embryos can be easily staged by the
arrangement of their cells, or blastomeres (Kimmel et al., 1995). It includes six
stages corresponding to each division cycle, i.e. the two-cell, four-cell, eight-cell, 16-
cell, 32-cell and 64-cell stage. The first division cleaves the one cell embryo
incompletely, leaving the yolk region intact, from the animal pole progressing to the
vegetal pole into two blastomeres of equal length. Until cell cycle 5, all cell divisions

are vertically oriented (Fig 1.1.1b).
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Figure 1.1.1 Early stages of development.

a) One-cell stage. The zygote period involves the formation of a one-cell embryo
by first mitotic division resulting in the movement of the cytoplasm towards the
animal pole to form the blastodisc separating it from the yolk. b) Cleavage period.
It involves six cleavages occurring at a regular interval and appear to be specialised.
The specialisation includes the redistribution of cell fate determinants present in the
egg. The figure shows five of the six stages in cleavage period. Figure taken from
(Kimmel et al., 1995).

1.1.1.3 Blastula period (2.25-5.25 hpf)

This period is so called because of the ball-like arrangement of cells, which starts
with 128 cells and concludes at the fifteenth cell division at 30% epiboly (Fig 1.1.2)
(Kimmel et al., 1995). The blastula period is characterised by several significant
processes including the midblastula transition (MBT), formation of the yolk syncytial
layer (YSL) and the movement of the cells to form the germ layers called epiboly.
The stage of an embryo is determined by looking at the size rather than the position

of the blastomeres as the positioning of the cleavage planes is asymmetrical during

this period. The early divisions are “metasynchronous” with mitosis occurring at



different times in different cells based on their orientation (Kimmel et al., 1995).
Midblastula transition (MBT) occurs at the tenth cell cycle division and is
distinguished by an increase in the timing of the cell cycle with asynchronous cell
divisions. It also marks the formation of the yolk syncytial layer (YSL) which arises
by the fusion of the cytoplasm from the marginal blastomeres that have shrunken
with the yolk cell. All the YSL nuclei undergo rapid divisions at the same time for
three cell cycles during MBT, without accompanying cytoplasmic divisions, after
which the nuclei stop dividing and increase in size. The movement of the YSL and
the blastodisc over the yolk in the late blastula is called epiboly which continues until
the gastrulation period. The blastodisc undergoes considerable changes in shape
due to the superficial movement of the blastomeres embedded inside the embryo.
However, the marginal blastomeres intermingle to a much lesser extent, as
compared to the central ones, owing to the fact that they later form the mesoderm

and thus have cellular pattern or are fated (Kimmel et al., 1995).
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Figure 1.1.2 Blastula period.

It consists of nine different stages namely, 128-cell, 256-cell, 512-cell, 1000-cell,
high, oblong, sphere, dome and 30% epiboly stage. The figure above shows five of
the nine stages in blastula period. 512-cell stage marks the beginning of the
midblastula transition with dome showing the first signs of epiboly. Figure taken from
(Kimmel et al., 1995).

1.1.1.4 Gastrula period (5.25-10 hpf)

Gastrula period is characterised by the formation of the primary germ layers and the
dorsal-ventral axis of the embryo due to the continuation of epiboly (Fig 1.1.3). The
beginning of involution at 50% epiboly leads to the formation of a germ ring all
around the blastoderm rim by folding of the latter on itself (Kimmel et al., 1995). The
accumulation of cells due to convergence movements on the germ ring leads to the
formation of an embryonic shield which also marks the potential dorsal side of
embryo. While the future dorsal side forms, epiboly is briefly impeded but resumes
once the germ ring is created. The germ ring consists of two layers, the epiblast

which forms the upper layer and feeds cells to the lower layer, called the hypoblast.

The epiblast at the end of gastrulation gives rise to the ectoderm which forms the



epidermis while the hypoblast produces the so called mesendoderm that gives rise
to both the endoderm and the mesoderm. By mid-gastrulation, the cells lose their
plasticity and become more committed, for example, if a cell is removed from the
hypoblast and planted in the epiblast, it would try to return to the hypoblast and
acquire hypoblast-derived tissues. Although in the beginning of gastrulation the cells
behave more in a lineage-restricted manner they are not yet committed to a
particular fate (Kimmel et al., 1995). The dorsal-ventral (DV) position of cells in the

early gastrula relates to the anterior-posterior (AP) axis position of cells in the
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Figure 1.1.3 Gastrula period.

This period involves six stages of development, 50% epiboly, germ-ring, shield, 75%
epiboly, 90% epiboly and the bud stage. The arrows mark the position of the germ
ring, embryonic shield and the tail bud in the respective stages. Figure taken from
(Kimmel et al., 1995).



1.1.1.5 Segmentation period (10-24 hpf)

This period is marked by the appearance of rudiments of primary organs, the
formation of somites and the appearance of a tail at the caudal end which gives the
period its name, “tail bud” (Fig 1.1.4). The mesodermal lining the neural tube on both
sides forms the somites which in the future gives rise to the vertebrae and muscles.
One can stage the embryos based on the number of somites present, with the first
six emerging at three every hour and the later six at two per hour. As outlined in Fig
1.1.4, this period comprises of one-somite stage (10.25 hpf), five-somite stage
(11.75 hpf), 14-somite stage (16 hpf), 20-somite stage (19 hpf) and 26-somite stage

(22 hpf) (Kimmel et al., 1995).

1.1.1.6 Pharyngula period (24-48 hpf)

This period is marked by the presence of a complete notochord and a well-
developed set of 30 somites. It consists of the prim-5 stage (24h), the prim-15 (30
hpf), prim-25 (36 hpf) and the high pec stage (42 hpf) (Fig 1.1.4). The term prim
comes from the primordia of pharyngeal arches which are in the initial stages of
development. The embryos can be staged based on the straightening of the head
of the embryo which is accompanied by an extension of the tail. The fins start
appearing with the median fin fold appearing in the prim-5 stage. There is also some
level of pigment synthesis in the prim-5 stage along with the appearance of a cone
shaped heart. The rudiments of the pectoral fin bud start appearing by the high pec

stage with intensification of pigment synthesis (Kimmel et al., 1995)



1.1.1.7 Hatching period (48-72 hpf)

Different embryos synchronised by stage in a single developing clutch may or may
not hatch at the same time. However, the embryos that do not hatch still continue to
develop without any problem. The rudiments of all the major organs are now
completely developed and staging of the embryo can be done by tracking the
pectoral fin development. It includes the long-pec stage (48 hpf), the pec-fin stage
(60 hpf) and the protruding-mouth stage (72 hpf) (Fig 1.1.4). The yolk sac starts
depleting and the head increases in size such that they are approximately equal in
size. The pigmentation in the retina becomes denser. The heart starts pumping by
the end of the pec-fin stage. The protrusion of the mouth begins, and the circulation

of blood is prominent (Kimmel et al., 1995).

1.1.1.8 Early larval period

The embryo, after 3dpf, is now called a larva and starts swimming actively. The
mouth continues to protrude with the development of the swim bladder. The pectoral
fins, eyes and the movement of the jaw is also active. All these changes help the
larvae in looking for prey and start feeding on its own (Kimmel et al., 1995). There
are specific maternal genes present at different timepoints (outlined in Fig 1.2.2)

that are essential during early zebrafish embryogenesis.
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Figure 1.1.4 Stages in zebrafish development.
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It shows the stages involved in zebrafish embryogenesis from the segmentation (9hpf) to larval (72hpf) period. The first row shows
events occurring in the segmentation period (from 3-somite to 26-somite stages). The second row covers the pharyngula (prim6
to high pec) while the third row shows stages involved in hatching period (long pec to protruding mouth). Figure source

http.//www.uoneuro.uoregon.edu/k12/zfk12.html.
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1.2 Maternal-to-Zygotic Transition — a key player in vertebrate

development

During development the vertebrate embryo is in a transcriptionally inactive state for
a few initial cell divisions. As result, during this period of inactive genome early
development of the embryo is completely dependent on maternally provided
products (Fig 1.2.1). As development progresses, the transcription of zygotic
genome is triggered and simultaneous clearance of maternal RNAs and proteins
leads to their replacement with newly synthesized zygotic RNAs. This process is
called maternal-to-zygotic transition (MZT) (Lee et al., 2014). Main events leading
to the activation of the zygotic genome is firstly, the clearance of maternal gene
products, and secondly, transcription of genes (mostly transcription factors)
responsible for the activation of zygotic genes needed for late development. The
timing of the maternal-to-zygotic transition varies in different organisms as
highlighted in Fig 1.2.1. In zebrafish, MZT coincides with mid-blastula transition
(MBT) and occurs at cell cycle 10 or 3 hpf at the 1000-cell stage. In mouse, the
maternal-to-zygotic transition occurs after the first cleavage which takes about 22

hpf.
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Fruit fly (D. melanogaster)

Cleavage cycle 0 8 10 14
Time (hours) 0 1 1.5 25

Zebrafish (D. rerio)

Cleavage cycle 0 1 6 10 14
Time (hours) 0 0.75 2 2.75 525

Frog (X. laevis)

Cleavage cycle

Time (hours)
Mouse (M. muscul

Cleavage cycle 0 0 1 2
Time (hours) 0 10 22 37

Figure 1.2.1 The maternal-to-zygotic transition in different model organisms.
The figure shows the RNA levels in different stages of development. the areas in
red indicates maternal RNA levels and the light and dark blue areas represent the
minor and major wave of zygotic RNA expression, respectively. The X-axis
represents time in development (in hours). Figure taken from (Tadros and Lipshitz,
2009).
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1.2.1 Maternal-effect genetic screens

Zebrafish has emerged as a powerful model organism for the study of vertebrate
development. This is due to the vast availability of forward genetic screens for
mutations affecting early development in zebrafish (Driever et al., 1996,
Hammerschmidt et al., 1996, Kane et al., 1996a, Kane et al., 1996b, Solnica-Krezel
et al., 1996, Stemple et al., 1996). Since early development is primarily driven by
maternal RNAs identifying mutations in these genes would help us in understanding
their role in development. As suggested in Fig 1.2.2 these mutants have been
divided into categories based on the development process that they affect. The
process of oocyte development, for example, is driven by several maternal genes
such as the bucky ball (buc). The mutant for this gene lacks a functional Balbiani
body (Bb) which is a marker for the establishment of asymmetry (animal-vegetal
axis). Therefore, the buc gene is essential in the formation of animal-vegetal axis
during early oocyte development (Marlow and Mullins, 2008). Activation of the egg
is defective in brom bones (brb) gene mutants which is essential for Ca?* mediated
egg activation via the inositol 1,4,5-triphosphate (IP3) signalling pathway (Mei et al.,
2009). Mutations in cellular island (cei) gene showed defects in early cleavage
process due the absence of Aurora B Kinase, synthesised by this gene and
essential in cytokinesis (Yabe et al., 2009). The role of transcription factor pou2/oct4
gene in epiboly and body patterning has been further discussed in the coming

sections (1.2.3).
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Figure 1.2.2 Genes present during early zebrafish embryogenesis.
The figure above gives a list of genes that are expressed during the early stages of development. These genes are essential in the

process of oocyte development, activation of the egg, cleavage, epiboly and body plan or segmentation. Figure reproduced from
(Abrams and Mullins, 2009).
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1.2.2 Maternal-to-zygotic transition is regulated by several factors

The first cleavage in a fertilized embryo in zebrafish takes about 40 mins to complete
after which the cells divide rapidly approximately every 15 mins. These rapid cell
divisions result in increasing the amount of DNA and number of nuclei; however, the
overall cytosolic content of the embryo remains same. As these early cell divisions
last for only about 15 mins, they ensure no transcription takes place as transcription
of genes would be interrupted by the DNA replication machinery. The first few
divisions are synchronous lacking a gap phase followed by asynchronous divisions
with the introduction of a gap phase during mid-blastula transition (MBT) (Scharf
and Gerhart, 1980). In most organisms, including zebrafish, mid-blastula transition
coincides with the maternal-to-zygotic transition or, in other words, zygotic genome
activation. There are several mechanisms suggested by which MZT is triggered,
one of which is the dilution of transcription repressors as evidenced by a study on
frog (Xenopus laevis) embryos. The transcriptional repressor identified is a DNMT1
(DNA methyltransferase ) protein whose depletion leads to activation of
transcription in X. laevis (Ruzov et al., 2004). Similar studies in zebrafish and other
organisms have proposed a model called the “excess repressor model” which
suggests the dilution of these factors due to the increasing DNA and
nucleocytoplasmic (N/C) ratio (Newport and Kirschner, 1982). Another model in
Xenopus embryos suggests the removal of excess histones (repressors) through
titration of chromatin modifying complexes by the transcription machinery such as
the TATA-binding protein (Prioleau et al., 1994). Although the concept of
transcriptional repressors keeping the zygotic genome inactive might be true it does
not explain why some genes are still expressed during early cleavage and hence,

are regulated in a gene specific manner.

15



1.2.3 Maternal transcript destabilization and their degradation

The proportion of maternal RNAs in an embryo varies in different animals ranging
from 40% to 75% of the total protein-coding genes in these species (Lee et al.,
2014). With the maternal-to-zygotic transition leading to expression of several
zygotic RNAs there is simultaneous degradation of maternal RNA products as they
might interfere with later development. A few maternal transcripts, however, are
protected from degradation such as the cey-1 gene in C. elegans (Seydoux and
Fire, 1994), nanos-1 gene in zebrafish (Koprunner et al., 2001) and e/lF5 gene in D.
melanogaster (Lecuyer et al., 2007), in the germplasm to direct future cell fate
decisions. In zebrafish, there are three different waves of maternal RNA degradation
which take place prior to (2.5hpf), during (3hpf) or after MZT (4.5hpf) (illustrated in
Fig 1.2.3) as suggested by a previous study (Mathavan et al., 2005). The clearance
of maternal transcripts after zygotic genome activation is considered to be important
during early embryonic development. One theory supporting this occurrence is the
replacement of ubiquitously present maternal transcripts with these mRNAs (such
as cdc5 phosphatase) being re-expressed from zygotic genome in a localised
pattern in order to exert their influence (De Renzis et al., 2007). The maternal
mMmRNAs based on their functional significance are categorised as unstable and
stable transcripts, where the stable transcripts are mainly genes involved in
translation or metabolism and the unstable transcripts have functions related to cell
cycle (Tadros et al., 2007). Studies have proposed the existence of two mechanisms
that ensure maternal transcript destabilisation and their subsequent degradation,
maternal deadenylation of RNAs (destabilization) and zygotic activation of miRNAs
(discussed in section 1.4.1) for degradation of maternal transcripts. Fertilization acts

as a trigger for deadenylation of majority of the maternal transcripts via activation of

16



an Embryonic Deadenylation Element Binding Protein (EDEN-BP) (Paillard et al.,
1998) which brings deadenylation complexes to the AU rich cis elements of these
RNAs (Duval et al., 1990). These deadenylated or destabilised maternal RNAs,
however, requires zygotic genome activation to be eventually degraded. In
Drosophila embryos, approximately 30% of the maternal RNAs become unstable
but their expression levels remain the same as a third of these RNAs are zygotically
transcribed (De Renzis et al., 2007). The second mechanism that ensures
degradation of maternal RNAs, in zebrafish, is the activation of miRNA430 by
Nanog, Pou5f3 and SoxB1 zygotic transcription factors (Lee et al., 2013).
mMiRNA430 is the most highly transcribed early zygotic gene and is responsible for
the clearance of majority of the maternal transcripts (Giraldez et al., 2006). The
study found that the maternal-zygotic mutant of dicer (MZdicer) embryos could not
produce miRNA430 which lead to the stabilization of hundreds of maternal mMRNAs
that are otherwise degraded. miRNA430 is replaced by similar miRNAs in other
model organisms such as miRNA-427 in Xenopus laevis (Lund et al., 2009) and mir-

309~6 in Drosophila melanogaster (Bushati et al., 2008).
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Figure 1.2.3 Different patterns of maternal RNA degradation in zebrafish.

The lines in red represent the maternal RNA levels while the blue lines represent
the zygotic RNA levels. The X-axis explains the stages in development and on the
Y-axis are the average RNA levels (Figure reproduced from (Mathavan et al.,
2005)). The dotted line in the middle points to the zygotic genome activation.

1.2.3.1 Zygotic Genome Activation

In all model organisms, there are two waves of zygotic genome activation (Fig
1.2.1), the minor wave which starts prior to mid-blastula transition (MBT) and the
major wave, when majority of the zygotic genes have been activated (Mathavan et
al., 2005). However, the timing of these major and minor waves is different in all
these organisms, for example in mouse, both waves occur before the 2-cell
cleavage stage (MZT). The minor wave just before the MBT is for the activation of
genes, such as pluripotency-inducing transcription factors (Nanog, Pou5f3, Soxb2),
responsible to equip the embryo for gastrulation and cell fate decisions. Mutations
in these genes have been shown to have defects in late blastula stages with a

complete failure to initiate the process of gastrulation in zebrafish embryos (Lee et
18



al., 2013). In induced pluripotent stem cells (iPSC), Nanog, Pou5f3 and Soxb2
proteins bind to regions of repressed chromatin and bring chromatin remodelling
complexes and other factors to these regions (Orkin and Hochedlinger, 2011). For
zebrafish, a few zygotic transcripts are synthesized by 128 cell stage (cell cycle 7)
and the rest of the zygotic genes are activated by 1000 cell stage (cell cycle 10) and
are mostly both transcription factors and housekeeping genes (De Renzis et al.,
2007). Majority of the zygotic RNAs are strictly zygotic and not present prior to ZGA,
however, a few of them are initially deposited maternally but are re-expressed as
part of the zygotic genome.

Zygotic genome activation is also important for the degradation of the maternal
RNAs, by the zygotically transcribed miRNA430, and also for the embryo to
complete gastrulation and enter epiboly. A previous study (Lee et al., 2013) found
that blocking the splicing of zygotic RNAs (using morpholinos against the U1U2
components of splicing machinery) arrests them at gastrulation. Further, inhibition
of translation by cycloheximide (CHX) in zebrafish embryos just before the start of
MZT, ensuring translation inhibition of only zygotic mRNAs, prevented the embryo

from entering epiboly.
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1.3 Transcription and regulation of gene expression

Regulation of gene expression is necessary for early embryonic development.
During early development, gene expression is very dynamic and is regulated in
temporal as well spatial manner. Therefore, to fully understand the process of
embryonic development, it is necessary to understand gene expression patterns
and gene regulatory networks.

Transcription is a fundamental process that regulates gene expression levels.
During transcription, genomic information is read by RNA polymerase Il (Pol II)
resulting in production of RNA molecules. The RNA molecules may or may not code
for proteins. In a cell all the transcripts and their number at a specific developmental
time or biological condition is defined as a transcriptome (Lee and Young, 2000). To
better understand the changes to a transcriptome in a disease or during
development several techniques have emerged in the past.

RNA-sequencing (RNA-seq) is one such technology that allows us in understanding
the transcriptome as well as the changes in the abundance of transcripts in a cell.
In the past decade RNA-seq has emerged as the preferred choice when it comes to
cataloguing all transcripts, coding (mMRNAs) and non-coding RNAs as well as their
start (5’), end sites (3’) and post-transcriptional processing or splice pattern. In
general, all RNA-seq techniques include synthesis of libraries of cDNA fragments
from a pool of RNAs (polyadenylated, polyA+ or non-polyadenylated, polyA- or
both). This is followed by attachment of sequencing adapters either to the 5’ end or
both ends. The adapter ligated fragments are then PCR amplified and purified using
gel or magnetic beads. These are then sequenced in short stretches called reads,
typically 50-75 bp in length, from one end (single-ended) or from both ends (paired-

end) (Wang et al., 2009).
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1.3.1 RNA Polymerase Il holoenzyme

The process of transcription is divided into three main parts, initiation, elongation
and termination. During transcriptional initiation, Pol Il binds upstream of a gene at
the promoter sequence. The synthesis of RNA takes place during elongation phase
and the synthesised RNA is released along with Pol Il from DNA during termination
phase (Kerppola and Kane, 1991). In humans, the transcription initiation complex
consists of a 12-subunit (Rpb1-12) RNA polymerase |l holoenzyme, general
transcription factors (GTFs) and a coactivator or mediator complex (Buratowski,
1994). In yeast, the initiation apparatus, that is recruited onto the promoter of a gene,
is made up of the Pol Il enzyme, a few GTFs and the Srb/Mediator complex and is
the best-defined RNA polymerase Il holoenzyme (Fig 1.3.1) (Lee and Young, 2000).
RNA polymerase Il CTD. RPB1 is the largest subunit of the Pol Il holoenzyme
which consists of a carboxyl terminal repeat domain (CTD) that is made up of
repeats of a heptapeptide sequence (Y-S-P-T-S-P-S). The phosphorylation state of
CTD is important for regulation of transcription. The unphosphorylated tail of Pol Il
is associated with the Srb/mediator complex, thus, favouring transcription initiation.
While the heavily phosphorylated CTD of Pol Il associates with elongation factors
along with several RNA processing enzymes and thus favours the transition into the
elongation phase (Corden and Patturajan, 1997, Corden, 1990).

General transcription factors. The binding of RNA Pol Il to promoter is facilitated
by TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. The preinitiation complex is formed
by a stepwise binding of these factors at the promoter. First, the TFIID or TBP is
bound by promoter elements, followed by TFIIA, TFIIB, then a complex of Pol Il and
TFIIF, TFIIE and in the end TFIIH (Conaway and Conaway, 1993).

Srb/Mediator complex. The Srb/Mediator complex is associated with the
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unphosphorylated CTD of Pol Il. It is also believed to be responsible for the switch
from transcription initiation to elongation by triggering the phosphorylation of the

CTD via its interaction with the TFIIH GTF (Hengartner et al., 1998).
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Figure 1.3.1 Gene promoter organisation in Eukaryotes.
The figure above shows the arrangement of the general transcription factors (GTF’s), meadiator complexes in blue (at enhancers)

along with RNA Pol Il (in yellow) at the promoter of a gene (in salmon colour). The arrows indicate the direction of transcription of
gene. (The figure reproduced from web textbook ®CSLS/University of Tokyo).
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1.3.2 Regulation of transcription

A typical eukaryotic protein-coding gene promoter consists of three basic elements,
the transcription initiation site, RNA polymerase binding site and GTF binding sites
(Blackwood and Kadonaga, 1998) (Fig 1.3.1).

Main sequence motifs of a eukaryotic promoter include a TATA box, an Initiator
element (Inr), TFIIB Recognition Element (BRE) and Downstream Promoter
Element (DPE). They together comprise around 100bp long region and are
responsible for transcription initiation. The TATA box, rich in AT bases, is situated
25-30 bp upstream of the TSS (transcription start site) and provides the binding site
for the TATA-binding protein (TBP). The composition of the promoters may vary with
some TSS consisting of either an initiator element (Inr) or a TATA box or both and
in some cases neither of them (Fig 1.3.2). Although they might not occur together
in most of the core promoters. However, they both perform the same function of
binding regulatory factors important for transcription initiation (Geng and Johnson,
1993). The more commonly occurring core promoter motifs, from Archaea to
humans are the TATA box and BRE (Reeve, 2003). Other unconventional core
promoter motifs include the DPE and motif ten element or MTE found to be
conserved in both Drosophila and humans (Kadonaga, 2004, Lim et al., 2004), or
the DCE (downstream core element) and XCPE1 (X core promoter element 1) that
occur in selective human core promoters (Tokusumi et al., 2007, Lewis et al., 2000).
In addition to proximal promoter elements there are distal regulatory elements which
include the enhancers, the upstream activating sequences (UASs), the upstream
repressing sequences (URSs) and the silencers. Transcriptional activators bind to
UAS that promote the transcription of a gene both upstream and downstream. In

contrast, URS elements represses the expression of a gene located downstream by
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preventing Pol Il binding or interfering with the binding of activator complexes to the
promoter (Cormack and Struhl, 1992), (Strubin and Struhl, 1992). Enhancers are
able to activate transcription even when they are much further away by looping of
the DNA. Thus, bringing the Pol Il bound at the promoter in close proximity to
activating factors or chromatin modifying complexes bound to the enhancers
(Blackwood and Kadonaga, 1998). Much like enhancers, silencers inhibit

transcription from very distal elements (Ogbourne and Antalis, 1998).

Core Promoter elements

-40bp +1 +40bp

BREv TATA BRE¢ Inr — B -

XPECA1 DCE

Figure 1.3.2 Core promoter elements.

The above schematics shows all the elements present in a core promoter. Although
these do not occur together, some are only found in a fraction of promoters. The
arrow indicates the direction of transcription and the motifs lie roughly 40bp
upstream or downstream of TSS (+1). (Figure reproduced from (Juven-Gershon et
al., 2008)).

1.3.3 Chromatin assembly & Nucleosome structure

Eukaryotic DNA is wound around histone protein complexes to form the
nucleosomes. Chromatin is formed of repeating units of nucleosomes, which is

composed of DNA wrapped around a core of 8 histones proteins connected to each
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other by a linker DNA and histone complex. The chromatin not only helps in the
packaging of DNA into small nuclear space but also provides a mean of regulating
DNA replication, repair and transcription (Fig 1.3.3). The nucleosomal core is formed
of two molecules each of H3, H4, H2A and H2B histone variants while the linker
histone is a H1 histone protein (Luger and Richmond, 1998, Luger et al., 1997). The
DNA in this complex is held together by several interactions between its phosphate
backbone and the histone protein. This highly dynamic interaction between the DNA
and histone provides the basis for regulation of gene expression depending upon
whether the DNA is accessible or not (Kornberg, 1974). This further leads to either
a closed (heterochromatin) structure, when the DNA is not accessible, or an open
chromatin conformation (euchromatin) associated with active post-translational
modification mark. One mechanism is the exchange of histones with either newly
synthesized ones or replacement with a different variant of histone (Venkatesh and
Workman, 2015). Increase in the exchange of histones might, for example, increase
the accessibility of DNA to the transcription machinery. On the other hand,
replacement of a canonical histone protein with a variant might reduce the
availability of DNA and thus, repress a gene. Several factors regulate this process
of histone exchange during transcription and are termed as histone modifying
complexes such as histone post-translational modification (PTMs), chromatin
remodellers and histone chaperones (Belotserkovskaya and Berger, 1999, Cairns,

1998).
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Figure 1.3.3 Nucleosome organisation.

The nucleosome is composed of 8 histone proteins, two molecules each of H2A
(red), H2B (violet), H3 (yellow) and H4 (green) and are assembled with the help of
histone chaperones and factors such as Acf1/ISW1/Swi. And DNA (in black)
wrapped around the core of histone proteins (figure reproduced from
DIAGENODE.COM,).

1.3.4 Histone modifiers

Post-translational modification (PTM) of histones include methylation,
ubiquitination, sumoylation, acetylation and phosphorylation of N-terminal ends of
histones (Smolle and Workman, 2013). They are generally categorised as
epigenetic changes as they affect the expression of a gene without changing the
DNA sequence and are heritable. PTMs also result in a closed or an open chromatin
structure, by either directly altering the interactions within a nucleosome or the
interactions among adjacent nucleosomes. These modifications can also affect the

process of transcription in their vicinity by acting as scaffold proteins, thus, bringing
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together several effector proteins (also known as ‘readers’). These modifications are
reversible and enzymes for both addition (‘writers’) and removal (‘erasers’) of these
marks exist in a cell, thus, controlling transcription in a time and space dependent
manner (Venkatesh and Workman, 2015). Most modifications are associated
primarily with histone H3 which can be acetylated at lysine 9, 14, 18, 23 and 27
(H3K9ac, H3K14ac, H3K18ac, H3K23ac and H3K27ac), methylated at lysine 4, 9,
27 and 36 (H3K4me3, H3K9me3, H3K27me3 and H3K36me3) and phosphorylated
at serine 10 (H3S10P). The Fig 1.3.4 gives a schematic representation of a few
histone modifications (that we will be further discussing in this thesis) and their
relation to transcription (Bannister and Kouzarides, 2011). The H3K4me3 mark is
associated with transcription initiation whereas the H3K27ac is a transcription
activation mark (Spencer and Davie, 1999). The H3K36me3 is associated with gene
body or exons during transcription elongation (Venkatesh et al., 2012). While the
H3K27me3 mark is linked with repression of transcription (Cao et al., 2002).
Zygotic genome activation also leads to the establishment of histone 3 (H3)
trimethylation (me3) marks at both 4% and 27" lysines (H3K4me3, H3K27me3)
which are absent prior to MZT (Vastenhouw et al., 2010). The chromatin signature
in zebrafish embryos is very similar to that of embryonic stem cells showing the
presence of several genes (36%) marked with both H3K27me3 and H3K4me3
marks, indicating poised promoters. A lot of genes are also associated with only
H3K4me3 (monovalent mark) and no active transcription believed to be required for
recruiting transcription factors and RNAPol || on genome activation (Vastenhouw et
al., 2010).

ChlIP-sequencing or Chromatin ImmunoPrecipitation sequencing is a technique that

allows us to study such modifications of chromatin and information about chromatin-
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binding proteins. It helps in identifying genome-wide presence of specific chromatin
marks or binding sites for transcription factors (TFs) and other proteins involved in
transcription regulation. The first step in ChlP-seq involves the crosslinking of DNA,
within a cell, with bound proteins such as histones and TFs. DNA bound to the
transcription machinery and other proteins is immunoprecipitated using an antibody
specific for a histone mark or TFs. The bound DNA is separated and then purified.
Before sequencing, the DNA is fragmented, end repaired, adapter ligated, PCR

amplified and purified (Raha et al., 2010).

Histone modifications

H4

Figure 1.3.4 Regulation of transcription by histone PTMs.

The figure above shows the different types of histone modifications on H2A, H2B,
H3 and H4. As the figure suggests majority of the PTMs are on H3. H2A and H2B
only have ubiquitylation on K119 and K123, respectively. The methylation marks are
shown in red, acetylation in blue, phosphorylation in pink and ubiquitylation is in
green. (Figure reproduced from (Bannister and Kouzarides, 2011)).
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1.3.5 Chromatin remodellers.

Chromatin dynamics is also controlled by chromatin remodellers which influence
nucleosome positioning and thus, promoting various states of active and inactive
conformations (Kornberg and Lorch, 1999). As a result, they can have either positive
or negative effect on transcription.

The chromatin remodelling is an energy intensive process which requires ATP
(adenosine triphosphate) (Cairns, 1998). Different chromatin modellers have
different specificity towards chromatin. For example, the SWI/SNF complex can be
activated by both, nucleosomal or naked, DNA. It is recruited to the promoters of
genes via its interaction with either the transcription machinery or DNA binding
activator proteins (Belotserkovskaya and Berger, 1999). The SWR complex
remodels chromatin by replacing the H2A histone with its variant, H2A.Z within a
nucleosome. The INO80 complex, on the other hand, is involved in removal of the
H2A.Z variant, preventing its mislocalisation (Watanabe and Peterson, 2010).
Histone chaperones. Another important class of proteins involved in histone
dynamics during transcription are histone chaperones that interact with histones and
regulate their transport and storage. Histone chaperones bind at specific regions on
histones important for formation of nucleosomes, thus act by either stabilizing or
destabilizing nucleosome structure. They also act as histone sinks or histone
acceptors while associating with the chromatin remodellers (Kuryan et al., 2012). In
addition to this, histone chaperones also associate with histone PTMs involved in
transcription and regulate their function. For example, the histone chaperone Spt6
makes the conserved sites on nucleosomes accessible for Set2, a histone
methyltransferase, to carry out the trimethylation of H3K36 (Suzuki et al., 2016).

Histone chaperones thus promote histone PTM by making certain positions on
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nucleosomes accessible and therefore, assist in establishing activating as well as

repressive marks.

1.3.6 Transcriptional Activators and Repressors

The co-existence of both positive (activators) and negative (repressors) regulators
is essential for a controlled gene expression (Lee et al., 1998).

Activators have DNA binding motifs and for recruiting factors involved in regulating
transcription. Multiple genes can be activated by the same activator and a single
gene can be regulated by multiple activators (Ptashne and Gann, 1997). Multiple
activators acting together even in small concentrations can activate transcription on
a large scale (Carey, 1998). One good example of this are enhancers which act as
scaffolds by bringing in several factors such as chromatin modifying complexes,
transcription factors that together regulate transcription of a single gene.

Previous studies have shown that activators regulate transcription by recruiting
chromatin-modifying complexes, such as Swi/Snf to gene promoters. For example,
in yeast, transcriptional activator Swi5 recruits both Swi/Snf and the histone
acetylase SAGA and then binds another co-activator, SBF, which in turn recruits the
transcription initiation complex (Aasland et al., 1996).

Activators can also directly bind and recruit the RNA polymerase Il complex. An
activator either recruits the entire transcription initiation apparatus in one single step
or recruits each transcription factor, in a step by step manner. Another theory
suggests the recruitment of an initiation complex at the promoters that responds to
specific regulators bound to enhancers (Greenblatt, 1997, Koleske et al., 1996).
Some activators regulate transcription by affecting the activity of RNA Pol Il. Certain

activators increase the processivity of Pol Il while the others tend to stabilize the

31



transcription apparatus after initiation, thus, promoting elongation process (Brown
et al., 1998).

Repressors. General repressors usually regulate transcription by binding to the
TATA binding protein or TBP at promoters (Hanna-Rose and Hansen, 1996,
Hansen, 1996). For example, Mot1 via its interaction with the TBP prevents it from
binding DNA. While Nc2 binds to TBP and inhibits the formation of the RNA Pol Il
holoenzyme and its assembly into an initiation complex (Auble et al., 1997).

Gene specific repressors function by either binding to an activator or competing with
the activator for its binding site. Examples also include Ssn6-Tup1 that represses
via interactions with the transcription machinery while bound to the DNA on specific
promoters (Carlson, 1997). Hsp90, a heat shock repressor protein, binds to the
activator Hsf1 thus preventing the formation of the Hsf1 trimer essential for binding
of the heat shock DNA element.

Histone deacetylases also act as gene-specific repressors by modifying the
chromatin around a gene. These deacetylases can be recruited to the site of
inhibition either by other co-repressors (N-Cor, SMRT, Rb and Groucho) or by DNA
binding proteins or in some cases by methylated DNA binding proteins (MeCP2)

(Ayer, 1999).

1.3.7 Repetitive elements

Repetitive sequences or generic repeated signals in the DNA were previously
termed as junk DNA or parasitic DNA (Orgel and Crick, 1980). Repetitive elements
in humans make up 43% of the sequenced genome and also contribute to some
part of heterochromatic part of the genome (International Human Genome

Consortium, 2001). Repetitive elements can be of many types depending on their
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structural arrangement. VNTR (variable nucleotide tandem repeats), tandem array
satellites, DNA transposons and LTR (long terminal repeat), SINE (short
interspersed nucleotide element) and LINE (long interspersed nucleotide element)
retrotransposons (Skelding et al., 2002). Tandem array satellites are large repeat
elements, 100-200 bp, with thousands of copies of oligonucleotides that usually
occur in the heterochromatic region of chromosomes such as telomeres and
centromeres. They are known to have binding motifs for proteins involved in
chromatin organisation (Henikoff et al., 2001). On the other hand, DNA transposons
and retrotransposons are sequence specific mobile genetic elements, retroviral or
non-viral in the latter case, that can incorporate within a genomic locus and can
affect chromatin organisation, DNA replication and transcription. LINEs (or L1s) are
the predominant class of retrotransposons in the genome and comprise 1.6% of
human promoters. SINEs tend to be enriched in GC-rich DNA and comprises 5.3%
of human promoters (Nigumann et al., 2002).

Transcription of genes is dependent on a lot of factors such as transcription initiation
(promoter), stop sites (polyA addition signal) and the specific binding of transcription
factors and other essential proteins to these motifs. Since there are canonical
transcription start and end sites, cells can coordinate the expression of these RNAs
and subsequently proteins. The occurrence of repetitive sequences in genome
might be due to their importance in these DNA-protein interactions during DNA
replication and transcription. The common repetitive signals found among these
binding sites can, therefore, affect the chromatin states at multiple loci in a cell or
tissue specific manner (Alberts and National, 2002). These common repetitive

sequences found in the regulatory sites have motif specificity to DNA binding
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proteins. Differences or sequence alterations in one or two base pairs among similar
repeat elements can, therefore, serve a regulatory role.

One of the best studied examples of LINEs are the LINE-1 in humans and the gypsy
in Drosophila melanogaster. gypsy establishes chromatin domains and acts as an
insulator or boundary element that separates the active and inactive parts of
chromatin by binding the DNA to the nuclear matrix in D. melanogaster (Pelisson et
al., 2002). The LINE-1 retrotransposon, on the other hand, is responsible for
maintaining the heterochromatic regions in the inactive X chromosome in humans
(Han et al., 2004). These mobile repetitive elements, when incorporated into any
location in the genome, provides a cell with a tool to predetermine the physical

organisation of chromatin (either closed or open).
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1.4 Non-coding RNAs

The completion of the human genome project revealed that the portion of human
genome encoding mRNAs is only 2%. However, it was found out later that the rest
of the genome encodes thousands of non-protein-coding transcripts (Katayama et
al., 2005). Recent advancement in deep sequencing technologies has revealed the
presence of several non-coding transcripts which were previously considered to be
transcriptional noises due to their low levels. The conservation of promoter region
is comparable in both the protein-coding and non-coding genes indicating a
conserved mode of regulation (Derrien et al., 2012, Derrien et al., 2011). Since
ncRNAs interact with other RNAs and protein, conservation in ncRNAs could also
be found at the level of how they function such as the formation of secondary hairpin
structure. Non-coding RNAs can be categorised into housekeeping non-coding
RNAs (expressed constitutively), such as rRNA (ribosomal RNA), tRNA (transfer
RNA), snRNA (small nuclear RNA), which are highly conserved and secondly as
regulatory RNAs (small ncRNAs and long ncRNAs). In this thesis, we will particularly
be focussing on regulatory non-coding transcripts which have been classified into
small ncRNAs (<200 nucleotide in length) such as miRNAs, siRNAs and piRNAs
and long ncRNAs (>200 nucleotide in length) (Taft et al., 2010). Further details have
been summarised in Table 1.4.1. Numerous studies have now shown these ncRNAs
to be regulated during development, in a tissue or cell specific manner and are
associated with several human diseases (Wang and Chang, 2011). The focus of
this thesis is on long non-coding RNAs and understanding their importance in gene

regulation during development (Fig 1.4.1).
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Figure 1.4.1 Non-coding RNAs in different subcellular compartments.

The schematics shows the function of ncRNAs in different mechanisms. In the
nucleus, they are involved in histone modifications or changes in chromatin state
(1), or regulation of transcription by TF recruitment (2) or binding to RNA Pol Il (3)
and in alternative splicing (4). In the cytosol, ncRNAs regulate post-transcriptional
processes such as stabilising mRNAs (5), dsRNA degradation by miRNAs (6)
recruitment of polysomes onto mRNAs (7). Figure taken from (Fernandes et al.,
2019).
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Table 1.4.1 List of types of non-coding RNAs

The table below outlines the different categories of non-coding RNAs based on the
size and the function they carry out. Table adapted from (Taft et al., 2010).

. : (Mercer et al., 2009,
Long non-coding RNAs All non-coding RNAs Wilusz et al., 2009)

(IncRNAs) >200nt

(Malone and Hannon,

Small RNAs, less than 2009b, Carthew and

Small interfering RNAs 22nt, resulting from

(siRNAs) dsRNAs by Dicer Sontheimer, 2009)
C'ear;’zg;g dR:AD?:;p'”S (Ghildiyal and Zamore,
microRNAs o 2009, Winter et al.,
(MiRNASs) 5 2009)

miRNAs

(Malone and Hannon,

Small RNAs (26-30nt) 556 " Ghildiyal and

PIWI-interacting RNAs produced by cleavage of

(PiRNAS) INcRNAS Zamore, 2009)
Promoter-associated Long or short RNAs (Belostotsky, 2009, Taft
RNAs associated with promoters et al., 2009b)
(PARs)

Small nucleolar RNAs Nucleolar localised RNAs h(/lzétl;tr:teilélzg%%af)
that guide modification of N

(snoRNAs) RNAS

1.4.1 Small non-coding RNAs and their function

Small non-coding RNAs encompass RNAs ~21-22 nucleotide in length produced as
a result of cleavage of double strand RNAs by Dicer, an RNaselll endoribonuclease.
The most commonly occurring small ncRNAs include siRNAs, miRNAs and piRNAs.
The first evidence of siRNAs (small interfering RNA) gene silencing was found in

the 1990s in C.elegans when a dsRNA was introduced and was found to be cleaved
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by Dicer into ~21 nt RNAs (Fire et al., 1998). Since then studies in plants and
animals have identified many endogenous siRNAs which include miRNAs and PIWI-
interacting RNAs (piRNAs) (shown in Fig 1.4.2). Other examples include small
RNAs associated with the transcription start site (TSSa) RNAs such as the
promoter-associated RNAs (PARs) and the transcription initiation RNAs (tiRNAs)
(Malone and Hannon, 2009b, Kanhere et al., 2010). miRNAs, piRNAs and siRNAs
so far have been the most well studied small ncRNAs. These small ncRNAs have
been shown to be important in transposon silencing, chromatin remodelling and
silencing of gene expression by Argonaute-mediated degradation of sequence
specific RNAs (Hutvagner and Simard, 2008). piRNAs are slightly longer, ~26-30
nt, than the siRNAs and are produced by the cleavage of long ncRNAs either from
host genome or transposons by the Argonaute proteins (Taft et al., 2010). miRNAs,
on the other hand, are small RNAs, ~21 to 22-nt in length, produced by Dicer
cleavage of RNA hairpins and integrated into RNA silencing complexes (RISC) to
target sequence specific RNA for degradation (Huntzinger and lzaurralde, 2011).

Both piRNAs and miRNAs are shown to play important role during early
development. For example, one of the well-known miRNAs involved in development
is let-7 which is responsible for the degradation of cell-cycle regulators such as cdk-
6, Ras and several pluripotency factors such as LIN28 and c-Myc (Johnson et al.,
2005). The let-7 pre-miRNA is made by the drosha RNase in the nucleus from an
RNA polymerase Il transcript which is then cleaved into a ~22 nt miRNA by Dicer in
the cytoplasm. This process is highly regulated at each step through a feedback
loop. The pluripotency factor LIN28 binds to the /let-7 pre-miRNA and prevents its
cleavage by the Drosha or Dicer endonuclease. In the process LIN28 also recruits

ZCCHCH1, a poly(A) polymerase TUTase4, which adds oligo-uridine tail to /et-7 pre-
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miRNA, thus, facilitating the degradation of let-7 (Rybak et al., 2008, Abbott et al.,
2005, Pauli et al., 2012). Another miRNA, miRNA430, is essential for zygotic
genome activation and hence, development in zebrafish (Winter et al., 2009).

SnoRNAs or small nucleolar RNAs, are non-coding RNAs that can be categorised
into two families, C/D RNAs and H/ACA RNAs, that are involved in the processing
of ribosomal RNAs (rRNAs), mRNA splicing and guide ncRNA modification (Matera
et al., 2007). The C/D RNAs methylate the hydroxyl group in the precursor and the
H/ACA RNAs convert uridines into pseudouridines (pseudouridylation) in several
rRNAs and snRNAs (Kiss, 2002). The two families of snoRNAs form small nucleolar
ribonucleoprotein (snoRNPs) complexes with four core proteins where the proteins
are needed for the catalytic activity and the snoRNA provides specificity to guide
the complex to the target rRNA. The snoRNP complex, apart from being essential
for rRNA function, is also responsible for the modification of sShnRNAs associated
with the spliceosome (Jady and Kiss, 2001). These snoRNAs may express from a
single transcription unit or are processed individually from multiple snoRNAs in a
precursor (fungi and metazoans) and some can also be produced from the introns
of MRNAs (as in humans). The biogenesis of the two ncRNAs, snoRNA and snRNA,
are interdependent on each other with the snRNAs processing the snoRNA from
the introns of mMRNAs through splicing and the snoRNA, in turn, catalysing the

modification of SnRNAs (Roy and Chanfreau, 2012).
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Figure 1.4.2 small ncRNAs biogenesis pathways.

The figure shows the synthesis of various types of small ncRNAs from either mRNA’s (miRNA) or from a IncRNA overlapping an
mRNA (green) on the opposite strand (siRNA). Some small ncRNAs are also synthesised from introns (snoRNA) or from piRNA
cluster (piRNAs). Figure reproduced from (Sana et al., 2012).
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1.4.2 Long non-coding RNAs (IncRNAs)

Long non-coding RNAs are a broad class that includes enhancer RNAs (eRNAs),
long intergenic RNAs (lincRNAs) and non-coding transcripts overlapping a protein
coding gene either in sense or antisense direction. Although lincRNAs do not
encode for proteins (Guttman et al., 2013), they show many properties similar to
protein-coding genes. Characterisation of chromatin-modification landscapes in
mammalian genome revealed the association of H3K4 trimethylation, associated
with promoters of protein coding genes, and H3K36 trimethylation, associated with
entire transcribed region, with many long ncRNA genes (Guttman and Rinn, 2012).
Similar to protein-coding genes, many lincRNAs are also spliced.

LncRNAs can regulate expression of its neighbouring genes in cis as well as genes
at a distant locus in trans. The mechanisms by which IncRNAs regulate the function
of protein coding gene expression is still poorly understood. A study in human cell
lines (Andersson et al., 2014) identified ~3000 enhancer RNAs that positively
regulate the expression of neighbouring protein-coding genes and display
enhancer-like properties such as Pol I, p300 and CBP occupancy. LncRNAs can
be grouped together into different types based on their functional mechanisms
(Wang and Chang, 2011) as illustrated in Fig 1.4.3. LncRNAs can act as signals
and express in a time and space dependent manner (Mohammad et al., 2009).
LncRNAs may also act as negative regulators by titrating the effects of RNA binding
proteins, such as chromatin modifiers or transcription factors (Martianov et al.,
2007). On the other hand, they can help in recruiting chromatin-modifying
complexes to nearby protein-coding genes either in cis or in frans (Leeb et al.,
2009). They can also act as scaffolds thus bringing together different effector

molecules involved in regulation (Gupta et al., 2010). In some cases just the act of
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IncRNA transcription could mediate regulatory function by recruitment of these

complexes (Ebisuya et al., 2008).
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Figure 1.4.3 Representation of molecular mechanisms of LncRNAs.

The figure shows how IncRNAs regulate the expression of nearby genes either in cis or trans. IncRNAs act as signals whereby the
expression of IncRNAs shows gene regulation in a space and time dependent manner, or they can act as decoys recruiting
transcription factors either to or away from a target gene, or as guides where they engage chromatin modifying complexes or

miRNAs to a target gene and form ribonucleoprotein (RNP) complexes or scaffolds bringing together factors necessary for gene
expression. Figure taken from (Hu et al., 2012).
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1.4.2.1 LncRNAs in development

There have been several studies in the past that have shown the importance of
IncRNAs in regulation of dosage compensation and genomic imprinting, which are
essential for normal development and ensures monoallelic expression of specific
genes (reviewed in (Fatica and Bozzoni, 2014)). In mammals, both males and
females have 22 pairs of chromosomes called autosomes and a pair of sex
chromosomes, XX in females and XY in males. The X chromosome is large and
gene rich as opposed to Y-chromosome, which is small and gene poor, thus, leading
to chromosomal imbalance in the two sexes. To prevent this, a mechanism called
dosage compensation exists in animals that maintains a balance in X-linked gene
products between the two sexes (Brockdorff and Turner, 2015). There are three
mechanisms of dosage compensation: complete inactivation of one of the X-
chromosomes in females (mammals); secondly, the X chromosome in males is
twofold upregulated (Drosophila melanogaster) and thirdly, partial inactivation of
both the X chromosomes in females (Caenorhabditis elegans). A number of
IncRNAs are shown to play a role in X-chromosomal inactivation. The best example
of this is Xist, a IncRNA expressed from X-chromosome that regulates X
chromosome inactivation in mammals by formation of repressive chromatin state
and is a well characterized example of dosage compensation in mammals (Fig
1.4.4a-b) (Zhao et al., 2008). The X chromosome inactivation is carried out by the
X-inactivation centre (Xic) which consists of seven regulatory ncRNAs, one of which
is the INcCRNA, Xist. Xist has an antisense, Tsix, which ensures silencing of Xist on
the active X-chromosome (Xa) (Sun et al., 2006). While the Jpx IncRNA, on the
other hand, upregulates the expression of Xist on the inactive X-chromosome (Xi)

(Tian et al., 2010).
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Kcnq1 overlapping transcript 1 (Kcnq1ot1) and Airn (antisense to Igf2r RNA) are
paternally expressed INncRNAs that repress flanking protein coding genes, kcnq1
and Igf2r allele, respectively in cis, which are essential in early development in
mammals (Fatica and Bozzoni, 2014). Kcnq1ot1 recruits the DNA methyltransferase
DNMT1 on to Kcnq1 gene thereby silencing the gene (Pandey et al., 2008) whereas
the antisense Airn recruits G9a methyltransferase that induces deposition of
H3K9me mark at nearby protein-coding gene, Igf2r (Nagano et al., 2008).

Another example of developmentally important IncRNAs is that of IncRNAs
expressed from the HOX gene cluster. HOX genes encode transcription factors that
contributes to cell specification and precise spatiotemporal coordination of
expression during development. Apart from several protein coding genes, the Hox
cluster also encodes several INcRNAs that regulate the expression of neighbouring
protein coding genes. HOTTIP, Hoxa distal transcript, is a cis acting antisense
IncRNA that regulates the expression of HOXA by recruiting the histone-modifying
complex, MLL1 (Wang and Chang, 2011, Wang et al., 2011). HOTTIP regulates
other genes by utilizing pre-existing chromosomal loops to move from its site of
expression. The Hoxc gene cluster on chromosome 12 has an overlapping
antisense called HOTAIR or Hox transcript antisense RNA that inhibits, in trans, the
expression of Hoxd cluster present on chromosome 2 (Fig 1.4.4 c) (Maamar et al.,

2013).
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a) the schematics show the arrangement of ncRNAs on the Xic locus (X-chromosome). b) in mammals X inactivation is carried out

by Xist (red) which spreads from its site of transcription along the X chromosome. Xist associates with PRCZ2 (recruited by RepA)
to establish H3K27me3 repressive marks on Xi (blue). ¢) The figure shows the mechanism of regulation by HOTAIR. It establishes

repressive chromatin marks at the target gene by binding to PRC2 complex and the H3K4 demethylating lysine-specific

demethylase1 (LSD1)-CoREST-REST complex. Figure reproduced from (Pauli et al., 2011).
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1.4.2.2 Antisense LncRNAs

Long non-coding RNAs are often transcribed as antisense transcripts that overlap
protein-coding genes on the opposite strand (Duttke et al., 2015, Scruggs et al.,
2015, Xu et al., 2009). Overlapping transcripts could involve a protein coding RNA
overlapping another protein coding or non-coding RNA but natural antisense
transcripts is a term restricted to a non-coding transcript. Due to their low level of
expression and low evolutionary conservation, antisense RNAs (AS RNAs) were
previously considered to be transcriptional noise. A study (Kiyosawa et al., 2005) in
mice found ~15% of the genes to be transcribed as Sense-Antisense pair. The
FANTOM consortium in 2005 reported that up to 72% of potential transcriptional
units are transcribed in both directions in mice.

Antisense transcription is mostly observed near the 5" end of protein-coding genes
with the IncRNAs located mostly 1000bp downstream of the first exon intron
junction. These antisense transcripts could be classified as cis-antisense, when it
overlaps the sense transcript, and trans-antisense, when it is transcribed from
another genomic location but still shows sequence overlap with the sense transcript.
They can be further categorised, as shown in Fig 1.4.5, according to their genomic
position with regards to the protein coding gene (Villegas and Zaphiropoulos, 2015).
The antisense can occur nearby the 5" end of protein-coding transcript; or nearby
the 3’ end of protein-coding transcript. The categories include where the 3’ end of
protein-coding transcript is localised close to the 3’ end of antisense (End-to-End);
or 5’ end of protein-coding transcript intersects the 5’ end of antisense (start-to-start
or divergent transcription) or when the protein-coding transcript completely overlaps

the antisense and vice-verse (overlapping or convergent transcription).
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The expression of antisense transcripts could be either positively or negatively
correlated with the expression of the protein-coding transcript and thus, can be
involved in the regulation of expression of the protein-coding transcript. There are
several mechanisms by which antisense transcripts can regulate the expression of
protein-coding transcripts. They have been previously shown to act before
transcription through epigenetic modifications like DNA and histone methylation and
acting as guides for several regulatory proteins, or post-transcriptionally through
RNA-RNA interactions and transcriptionally as regulators (Villegas and
Zaphiropoulos, 2015). A study (Mayer et al., 2015) on human cell lines, revealed
convergent transcription is characterised by a lower expression of gene. They also
showed the presence of repressive histone marks to be associated with these types
of antisense. A more recent study (Lavender et al., 2016) on convergent
transcription suggested their association with p300 and H3K27ac marks, which is a
common feature of enhancers. They also looked at divergent transcription and
found them to be associated with chromatin remodelling complexes, therefore,
regulating nucleosome positioning at promoters.

Antisense IncRNA important in the regulation of the overlapping protein-coding gene
have also been studied in zebrafish, for example, the antisense to the gene tie-1,
which is a tyrosine kinase receptor for angiopoietin and is essential for vascular
development during embryogenesis (Li et al., 2010). The tie-1AS is transcribed in
the antisense direction from the 3’-UTR regions of tie-1 gene. The tie-1AS down
regulates the abundance of tie-7 gene by RNA-RNA hybridization, thus, resulting in
protein loss. In another example, PU.1 AS regulates the expression of PU.1 gene
which is a transcription factor in myeloid and lymphoid cell development, thus,

making it important in immune system development (Wei et al., 2014). PU.1 AS also
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down regulates the expression of PU.1 gene by forming RNA-RNA duplex and
preventing its translation.

Most of the antisense IncRNAs discovered so far have been characterised from
cultured cells or adult tissues and are highly cell type-specific transcripts. Therefore,
it is important to study those non-coding RNAs which are expressed during specific
developmental stages. Pauli et al. for the first time systematically identified IncRNAs
expressed during zebrafish development. They identified 1133 embryonic
transcripts out which 566 were antisense exonic overlapping INcCRNAs revealing that
most of these non-coding RNAs were actually antisense non-coding RNAs (Pauli et

al., 2012).
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Figure 1.4.5 Types of antisense.

The figure shows the different types of antisense non-coding RNAs (AS) based on the localisation of the AS with regards to the
protein-coding (Sense) gene (figure adapted from (Villegas and Zaphiropoulos, 2015)). End-to-End (convergent), where the tail of
antisense overlaps with the tail of protein-coding, or Start-to-Start (divergent), where the antisense transcripts start overlaps with
the start of the protein-coding transcript and lastly, the overlapping transcripts (another example of convergent), where either the
antisense completely overlaps the protein-coding or vice-versa.
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1.5 Aims & objectives

In zebrafish, previous RNA-seq have identified several long non-coding RNAs

expressed or present during embryonic development (Ulitsky et al., 2011, Pauli et

al., 2012). Even though we have a few pre-existing studies in zebrafish on non-

coding RNAs, it is still largely unclear as to their role, if any, in early development.

The Pauli et al. study identified around 1133 IncRNAs across eight stages of

development, out of these 397 were intergenic INcCRNAs, 184 intronic overlapping

IncRNAs and the rest (566) were classified as exonic overlapping antisense

IncRNAs (Pauli et al., 2012). The discovery of these abundant antisense IncRNAs

opened questions about their role in early embryonic development which made the

basis of our present study.

1.

Identification and characterisation of antisense ncRNAs and their
overlapping protein-coding gene pairs during early embryonic
development in zebrafish. We aimed at identifying overlapping transcripts
in zebrafish during development and then characterised them based on the
correlation between the expression of antisense ncRNAs and overlapping
MRNA transcripts based on the Pauli et al. RNA-seq (Pauli et al., 2012). To
verify the observations from this study we further detected similarly
overlapping transcripts in another vertebrate model organism (mouse
embryonic stem cells).

Non-coding RNA dynamics. Localisation of major RNAs with maternal-
to-zygotic transition during zebrafish embryonic development. The
next important question that we wanted to address in this thesis was the
subcellular localisation of the antisense ncRNAs identified with respect to

their overlapping mRNA before and after zygotic genome activation. This
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would help us in understanding how they might be regulating the expression
of these mRNAs. We did a total RNA-seq on the nuclear and cytosolic
fractions from zebrafish embryos in different stages of development.

. ldentification of differential TSS usage and promoter organisation in
the nuclear and cytosolic fraction during zebrafish embryogenesis. To
further understand the differences in the TSS or promoter usage for the
nuclear and cytosolic RNAs identified during maternal-to-zygotic transition.
We carried out Cap Analysis of Gene Expression (CAGE) sequencing to
detect these changes in promoter utilisation during zebrafish embryonic

development.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Collection and dechorionation of zebrafish embryos

Wild-type male and female zebrafish (AB-strain) were set up in breeding tanks
overnight and the eggs were collected the next day as soon as (~10 min) they were
laid (important to get synchronised embryos). About 100-500 (depending upon the
stage) embryos were collected for each developmental stage (32 cells, 64 cells, 256
cells, 512 cells, high, shield, 24hpf, 50hpf). The embryos were treated with Pronase
(protease from Streptomyces griseus, Sigma-Aldrich) to remove the chorion, 1mL
of Pronase working solution (1mg/mL) was added to 2-3 ml of fish water containing
embryos. The embryos were then washed twice to remove any traces of Pronase

as that would interfere with other downstream processing.
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2.2 Gene expression Analysis

2.2.1 RNA extraction from zebrafish embryos

Total RNA was extracted using the Nucleospin RNA-extraction kit (Macherey
Nagel). Depending upon the stage ~ 50-1000 dechorionated embryos were
transferred into a 1.5 mL eppendorf containing 350 pyL of RA1 (with 3.5 uyL -
mercaptoethanol, Sigma-Aldrich) buffer. The embryos were pipetted 10-15 times to
dissolve in the buffer. After dissolving the embryos, one volume (350 pL) of 70%
ethanol was added to the mix and pipetted at least 10 times. Approximately 700 pyL
of mix was transferred onto the Nucleospin column and centrifuged at 11,00 x g for
30 sec. The flow through was discarded and 350 yL of MDB buffer was added to
the column. The column was then centrifuged at 11,00 x g for 30 sec and the flow
through discarded. The column was then washed with 200 pyL of RAW2 buffer,
centrifuged as before, the flow through discarded and the column was placed in a
new collection tube. The column was again washed with 600 puL of RA3 buffer,
centrifuged as before and the flow through discarded. Finally, 250 pL of RA3 buffer
was added to the column, centrifuged and flow through discarded. The column was
given a blank spin to remove any traces of wash buffer. The RNA was eluted by
addition of 30-40 pL of RNase free water to the column, centrifuged and the flow

through collected in a 1.5 mL eppendorf.

2.2.2 Genomic DNase treatment

Removal of Genomic DNA was made sure by treating the RNA extracted using
DNase treatment (Sigma-Aldrich, AMPD1-1KT). To an RNase free 1.5 mL

eppendorf 8 uL of RNA extracted, 1 pyL of 10X reaction buffer and 1 yL of DNasel
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(1 unit/pL) was added. The mix was incubated at RT (room temperature) for 15
mins. After the incubation 1 pL of STOP solution (50mM EDTA) was added to the
mix and heated at 70°C for 10 mins to denature the DNasel. After the incubation the
eppendorf was chilled on ice. The quality of RNA extracted from zebrafish at

different developmental stages were checked by running them on a gel.

2.2.3 cDNA synthesis from the extracted RNA

First strand cDNA synthesis was carried out using Bioline Tetro cDNA synthesis kit
(B1O-65042) each for the different stages. In a 1.5 mL eppendorf upto 5 ug of DNase
treated RNA, 1 yL of Random hexamer primers, 1 yL of 10mM dNTP mix, 1 pL of
RNase inhibitor, 1 uL of Tetro Reverse transcriptase and 4 pL of 5 x RT buffer was
added and made up to a final volume of 20 yL by addition of DEPC-treated water.
The samples were mixed gently and incubated at RT for 10 mins. After the
incubation the tubes were transferred to a heat block at 45°C for 30 mins before
finally being incubated at 85°C for 5 mins and then chilled on ice. The quality of

cDNA was tested using primers for genomic DNA and actin.

2.2.4 Expression analysis using PCR

PCR was carried using Bioline MyTaq kit (BIO-25043) as per the manufacturer’s
protocol. The reaction mixture was prepared using 50 ng of cDNA, 25 yL of MyTaq
Red Mix, 10 uM of forward and reverse primers (Sigma-Aldrich) and RNase free
water to make up the final volume to 50 pL. The mix was then PCR amplified using
the conditions outlined in Table 2.2.1. After the run the PCR amplified samples were

run on a 1% agarose gel. We shortlisted 3 protein-coding and antisense pairs, based
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on RNA-Sequencing analysis, from the two categories and checked the RNA levels
using PCR. Primers were designed using PrimerBlast, in order, to specifically target
only the protein-coding/protein-coding transcript (across exon-exon junction) or the
non-coding antisense on the opposite strand (Fig 2.2.1). Table 2.2.2 gives a list of
primers used and their sequence.

Table 2.2.1 PCR cycling conditions used for amplification.

Step Temperature Duration Cycles
Initial Denaturation 95°C 1 min 1
Denaturation 95°C 15 sec
Annealing 60°C 20 sec 35
Extension 72°C 10 sec
Final Extension 72°C 1 min 1
Hold 4°C o0 o0

Rbp4l protein-coding

(- -
| Rbp4l_Prot_Forward
| Rbp4l_Prot_Reverse

Rbp4l antisense ncRNA

| Rbp4l_AS_Forward
I Rop4l_AS_Forward

Figure 2.2.1 PCR Primer design

Example of a designed primers for PCR for Rbp4l protein-coding and antisense
gene pair. Protein-coding transcript and non-coding antisense transcript are shown
in green and red, respectively, while the designed primers are in blue.
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Table 2.2.2 List of primer sequences used for expression analysis
Used to study the expression of the protein-coding transcript and the corresponding
AS non-coding (Tm=melting temperature).

Primer Pair Sequence Tm ‘(SI;IZO‘;
Rbms3_AS_Forward CGGAGCCAGAGGAATGATGG 63.8 533
Rbms3_AS_Reverse GCAACAAAGCAAGCAGACGA 64.0
Rbms3_Prot_Forward TGTCAACAAAGGCAATCCTG 63.7
Rbms3_Prot_Reverse ACCGGGAGGTTGGAGATGTA 63.5 201

Rbp4l_AS_Forward | AGTTCTGTCTTTGACTTACCAGACT | 59.6
Rbp4l_AS_Reverse TTTCATCTCCGGCTGCTCAG 60.1 >7o
Rbp4l_Prot_Forward CGGAGGTGACAACTACTGGG 59.75
Rbp4l_Prot_Reverse GTTTAGCAAGCACCAGACTGC 60.07 231
Tfap2b_AS_Forward GTTGGGAGTGGGGTTGTTCA 60.1
Tfap2b_AS_Reverse CCATGTGGTTACGCAGCTAC 59.0 >53
Tfap2b_Prot_Forward ATATTCCTCCACGGATCGCCA 61.1
Tfap2b_Prot_Reverse ACGACGCTTTTGTGAGGAAC 59.06 °59
Gapdh_Forward GTCTATAGCGAGAGGGACCCA 57.49
Gapdh_Reverse TGACTCTCTTTGCACCACCC 59.06 275
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2.3 Nuclear & cytosolic fractionation of zebrafish embryos in

different stages of development

Zebrafish embryos were collected and dechorionated as described above.
Dechorionated embryos were then transferred to a 1.5mL microcentrifuge tube and
then washed twice with 1 X PBS (Phosphate buffer solution, ThermoFisher)
containing 0.25% bovine serum albumin without disturbing the embryos. 200 L of
RLN buffer (Table 2.3.1) was then added to the tube containing embryos and the
yolk sac was disrupted by pipetting (200 uL pipette tip) releasing the cells buffer.
The tube was then incubated on ice for 5 mins and centrifuged at 3700 r.p.m. for 2
mins. The resulting supernatant was collected and labelled as the cytosolic fraction
and the pellet was further resuspended in 200 yL of RLN buffer for 30 mins. After
the incubation the tube was centrifuged at 3700 r.p.m. for 2 mins and the
supernatant discarded. The pellet was washed twice with 200 pyL of RLN buffer and
finally collected and labelled as the nuclear fraction. Table 2.3.1 gives a list of

reagents used to prepare the buffers used for fractionation.

2.3.1 Extraction of RNA from Nuclear & Cytosolic fractions

To the cytosolic fraction, 700 pL of RLT buffer and 500 pyL of 100% ethanol was
added and the mix was pipetted 10 times to dissolve the fraction. The mix was
applied to a column (700 uL at a time) and centrifuged at 8,000 x g for 15 sec. The
flow through was discarded and the column washed once with 500 uL of RPE buffer
and once with 80% ethanol. The flow through was discarded and the column was
given a blank spin to remove any traces of ethanol. Finally, RNA was eluted in 35

ML of RNase free water. To the nuclear fraction, 350 uL of RLT buffer and 350 uL of
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70% ethanol was added and the mix homogenised using a 1 mL syringe. The mix
was applied to a column (700 pL at a time) and centrifuged at 8,000 x g for 15 sec.
The flow through was discarded and the column washed once with 700 pL of RW1
buffer and then twice with 500 pL of RPE buffer. The column was then given a blank
spin and the RNA eluted in 25-30 pL of RNase free water. The RNA extracted from
the two fractions was treated for genomic DNase as explained before. A portion of
the DNase treated RNA from both fractions was used to synthesize cDNA, as
explained before, while the rest of it was kept for RNA and CAGE sequencing. The

concentration of the RNA extracted was determined using the Nanodrop.

Table 2.3.1 List of reagents used for embryonic cell fractionation

Buffer Stock Working
1.8mM KCI, 55mM
Deyolking buffer (with 1M KClI, 5M NaCl, 1M NaCl, 1.25mM
Ca?) NaHCos & 1M CaCl2 NaHCos & 2.7mM
CaCl

50mM Tris CI (pH
1M Tris Cl (pH 8.0), 0.1M | 8.0), 1.5mM MgCl,,

RLN buffer MgClz, 5M NaCl & 10% NP- 140mM NaCl &
40 (IGEPAL) 0.5% NP-40
(IGEPAL)

2.3.2 PCRs on RNAs from nuclear & cytosolic fractions

Based on the literature available so far on zebrafish embryogenesis we chose three
markers to test our fractions. We used hnrnpa1 RNA, Ism1 (U6) snoRNA as nuclear
marker and gapdh as a cytosolic marker. We also looked at the RNA levels of one
of our protein-coding and antisense pairs, Rbms3, in these fractions. PCR was

carried using Bioline MyTaq kit under the following conditions: 94°-1 min, 94°-15

sec, Tm15 sec, 72°-10 sec, 94°-1 min, 4°- « for 35 cycles, and a total reaction
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volume of 50 ul with 50 ng of cDNA per reaction. Table 2.3.2 gives the list and

sequence of primers used.

We also sequenced the PCR product we got for the Rbms3 AS to make sure that it

is amplifying only the Rbms3 AS.

Table 2.3.2 List of primers used to test the fractions

Primer Pair Sequence Tm (melting | Product
temperature) Size
hnrnapal_ | -0\ A AGAGCAACAGACCCCT 59.89
Forward 180b
hnrnapal_ P
h TGACGAAGCCAAATCCCCTC 60.04
everse
1sSm1(U6) | o116 CTTGGAGAAGTAGATCTGG 59.84
Forward 100bp
%) 1 GeTTecTeTTCTGTACGETG 59.84
everse
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2.4 RNA-sequencing

RNA was extracted from the nuclear and cytosolic fractions of the embryos in
different stages as explained before using the RNeasy mini kit from QIAGEN and
DNase treated using the Sigma kit (Fig 2.4.1). The quality of the RNAs extracted
was detected on the RNA TapeStation using Agilent High Sensitivity RNA Screen
Tape assay. Sequencing libraries were prepared using the TruSeq Stranded Total
RNA library Prep kit with the Illumina Ribo-Zero rRNA removal kit (Human-Mouse-
Rat). The whole process from quality check to library preparation and sequencing

was carried out by the University of Birmingham Genomics facility.
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Figure 2.4.1 RNA library preparation.
The figure above shows a schematic flowchart explaining the fractionation step and

library preparation from zebrafish embryonic cells in different stages of development
(64-Cell, 256-Cell, 1000-Cell, Dome and Shield).
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2.5 CAGE-sequencing (Cap Analysis of Gene Expression)

CAGE library preparation was done using a modified version of cap trapping from
Carninci et al. (Carninci et al., 1996) (Fig 2.5.1). RNA was extracted using the
RNeasy mini kit from QIAGEN and we started with 1ug of per sample. We divided
each sample into four parts, 250ng of RNA to be pooled later after cDONA synthesis.
The first step is the priming of cDNA at 65°C for Smin using a random primer mix
from RNA and then synthesised the cDNA with an enzyme mix (56X FS buffer, 10mM
dNTPs, 0.1X DTT, H20O, SSIII (200U/uL, Thermo Fisher) at 25°C for 30sec, 50°C for
60mins and then cooled at 4°C to stop the reaction. This is followed by successive
washing steps with RNACleanXP or magnetic beads. The next step is the oxidation
of the 5’ cap of RNA with 250mM NalO4, followed by washing with beads and then
successive biotinylation of the oxidised & cap with 100mM Biotin (long arm)
Hydrazide (Sigma-Aldrich) at 40°C for 30mins. Before capturing the biotinylated
double strand cDNA and RNA structure, any single strand RNAs which failed to
extend to 5’ ends are cleaved using RNase ONE (Promega™). This step leaves
only complete cDNA-RNA ds structures intact which are captured in the next step
by Cap-trapping using Streptavidin beads at 37°C for 15mins. This is followed by
several steps of stringent washes with beads and then the release of 5’ complete
cDNAs from the capped RNAs and the addition of single strand 5’ linkers (nAnTi
5’linker) at 30°C for 4hrs. Unlike the cap trapping we skipped the second strand
cDNA synthesis and cleavage with EcoP15/ but carried out the 3’ end single strand
linker (NANnTi 3’linker) ligation containing the lllumina primer sequence at 16°C for
16hrs. The concentration of the libraries was checked using KAPA SYBR® FAST

gPCR kit (KR0389) and then on a Bioanalyzer (Agilent) with the final concentration
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of the libraries adjusted to 12pM. These were then sequenced on the lllumina

HiSeqg2500 and ran on High output mode (paired end, 50bp).
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Library Preparation

Cap MmRNAs and ncRNAs
) 33—
5—»» C 3 5
RT random primer
ﬂ Reverse transcription
Cap
5— C 33—
«— 3 «— 5

5 complete cDNA
ﬂ Oxidation with NalO4

—————B

«— 5

Csui@c

Biotinylation (40 ° C, 30 mins)
Capture (37 °C, 15 mins)

5 complete cDNA

Biotinylation, Capture

& Release
RNasel (37 ° C, 30 mins)
] 5’ SS linker ligation
5’ linker
| L

3’ SS linker ligation

Figure 2.5.1 CAGE library preparation.

The figure above shows a schematic flowchart explaining the Low Quantity CAGE
library preparation. The capped RNAs are shown in blue and the synthesised cDNA
are in pink. The cap is represented as C, the B represents the biotin attached to the
cap and the SM shows streptavidin beads.
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2.6 Extraction of protein from Nuclear & Cytosolic fractions

To the nuclear fraction, in the form of pellet, we added 50-100 uL of lysis buffer and
incubated on ice for ~1hr to lyse the nucleus. The cytosolic fraction, already in RLN
buffer, obtained from the different stages was used as it is for western blotting. Both

the fractions were quantitated using the Bradford reagent for estimation of protein.

2.6.1 Western Blotting

For western blotting, 2 pL of 2X SDS sample buffer per embryo was added to each
nuclear and cytosolic fraction which were then incubated at 95°C for 10 mins.
Samples were then centrifuged at max. speed to pellet any debris and the
supernatant was used to run on the gel. We used 12.5% acrylamide gels and loaded
equal amounts of nuclear and cytosolic fractions for semi-quantitative analysis
purposes. Semi-dry transfer on a nitrocellulose membrane was used followed by
blocking in 2.5% skimmed milk (1X PBS) at RT. Primary antibody incubation was
carried out overnight at 4°C, washed three times for 5 mins with 1X TBST with
shaking, incubated in secondary antibody at RT for 1hr and then finally, washed
twice for 5 mins with 1X TBST and then once with 1X TBS. Signal was detected
using the Odessey scanner from LI-COR Biosciences and analysed using the
ImageStudio Biolite software. Antibodies used were RNAPol Il (abcam), Ezh2
(CST), Gapdh (CST) and PCNA (CST) at concentrations suggested by the

manufacturer.
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Table 2.6.1 List of reagents used for Western Blotting

Reagent/Buffer Stock Working
For 4 gels, ddH20O-
9.91mL, 1.5M Tris
: o ) i
12.5% SDS 1.5M Tris (pH8.8), 30% (pH8.8)-6.25mL, 30%

Polyacrylamide gel

acrylamide, 10%SDS,
10%APS

acrylamide-8.33mL,
10%SDS-250uL,
10%APS-250ul &
TEMED-20ul

4% Stacking gel

0.5M Tris (pH6.8), 30%
acrylamide, 10%SDS,
10%APS

For 4 gels, ddH->O-
5.55mL, 0.5M Tris
(pH6.8)-2.5mL, 30%
acrylamide-1.7mL,
10%SDS-100uL,
10%APS-100pl &
TEMED-20ul

10X Running buffer

60g Tris & 288g glycine
in 2L of ddH20

1X running buffer
(100mL + 10mL 10%
SDS, make upto 1L)

1XTBS

1M Tris (pH-8.0), 5M
NaCl

1M Tris (pH-8.0)-40mL,
5M NaCl-60mL & make
upto 2L with ddH>O

1XTBST

1M Tris (pH-8.0), 5M
NaCl

1M Tris (pH-8.0)-40mL,

5M NaCl-60mL & tween-

2mL, make upto 2L with
ddH20

Blocking buffer

5% skimmed milk in
1XTBS

Primary Antibody

As per provided

1:1000/1:2000 dilution in
3%BSA
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2.7 Data Analysis
2.7.1 Identification & Categorisation of protein-coding and

antisense pairs

To identify and characterize overlapping protein-coding mRNA and antisense non-
coding RNA pairs we decided to consider all the protein-coding and antisense
transcripts predicted in zebrafish by ENSEMBL (Zerbino et al., 2018). We took the
annotations from the latter for these predicted protein-coding and antisense
transcripts and ran a BedTools (with a -S option) to identify the pairs that overlap

with each other.

2.7.2 Analysis of RNA-Sequencing data

2.7.2.1 Pauli et al. RNA-Seq Data analysis
We looked at the RNA-Sequencing data available during zebrafish embryogenesis

(Pauli et al., 2012). Raw RNA-sequencing reads were taken from the study on 8
different developmental stages in zebrafish. The raw fastq files were downloaded
and quality checked and trimmed using FastQC (developed by Andrew, S.,
Barbraham Bioinformatics) and Trimmomatic (v0.27) (Bolger et al., 2014),
respectively. The reads, for 8 different developmental stages, were then mapped
back to the Zv9 or DanRer7 genome assembly of zebrafish using TopHat (Bowtie2
v2.1.1) (Kim et al., 2013). The bam files (aligned reads) generated were then used
for transcript assembly using Cufflinks v2.2.1. The resulting transcript expression
data for each stage were used to extract the RNA levels of protein-coding and
antisense transcripts in a pair (Trapnell et al., 2012). This was then used to calculate

the correlation between the RNA levels of protein-coding and antisense transcripts
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in a pair. We then categorised them based on whether the protein-coding and
antisense pairs correlated positively or negatively or did not show any correlation at
all.

For visualisation purposes, we generated strand specific expression peaks using
bedtools genomecov to convert the bam files into bedgraphs, and uploaded the

tracks on the genome browser, specific to each strand.

2.7.2.2 Nuclear RNA-seq data analysis

For the RNA sequencing data generated by us we used a different approach for
analysis. The raw sequencing reads obtained were mapped to the Zv9 genome
assembly of zebrafish using STAR (v2.6.0a). As opposed to TopHat, STAR (Spliced
transcripts alignment to a reference) is faster and more accurate in aligning the
reads to the genome and detects complex RNA structures such as chimeric and
circular RNAs (Dobin and Gingeras, 2015). The bam files generated were then
assembled into transcripts using StringTie, which identifies more accurately and
higher number of transcripts when compared to Cufflinks (Pertea et al., 2015). |
used both and personally, found StringTie to be faster and identified more annotated
transcripts than Cufflinks. In StringTie using the -B and -b options we produced files
for differential expression analysis using Ballgown (Pertea et al., 2016). This gave
us two csv format files, one for genes and the other for transcript expression (in
transcript per million or TPM) in different stages of development. It also outputs exon
(e.tab) and intron (i.tab) differential expression profiles. These files were used for all

our downstream analysis.
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2.7.3 ChIP sequencing analysis

The input fastq files for ChlP-Seq data on histone modifications were taken from the
DANIOCODE repository, a database on existing transcriptional data in zebrafish.
Again, for mapping the raw reads to the genome we used STAR aligner (v2.6.0a).
We analysed the bam files, using HOMER to create tag directories and annotating
peaks using the makeTagDirectory and findPeaks tools (-style factor and -o auto
options), for the different marks H3K27me3, H3K4me3 and H3K27ac in the Dome
(4hpf) stage of development (Vastenhouw et al., 2010, Zhang et al., 2014,

Bogdanovic et al., 2012).

2.7.4 Association of AS non-coding and protein-coding genes

with histone marks

We used ChlIP-sequencing data to observe whether the protein-coding transcripts
associated with antisense non-coding in the negatively and positively correlated
categories showed any enrichments for histone modifications either at the TSS
(transcription start sites). We looked at the histone modifications, H3K27me3 which
is a histone modification associated with the repression of gene expression,
H3K4me3 which is associated with transcription initiation and H3K27ac associated
with promoter activation. We used a similar set of analysis to observe the distribution
of CAGE tags across the distal peaks (+ 2kb) for H3K27me3 mark and compared it

to ChlIP reads for H3K4me3 and H3K27ac.
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2.7.5 CAGE Sequencing Analysis

The raw tags from CAGE sequencing were mapped using STAR aligner and the
resulting BAM files were used in the bioconductor package CAGEr for further
downstream analysis. CAGEr starts from mapped reads and does quality filtering,
normalization, removal of the additional 5 end G nucleotide (added during the

CAGE protocol) and the frequency of the usage of start sites (Haberle et al., 2015).

2.7.5.1 Normalization of CAGE tag counts using the power law distribution

The mapped raw tag counts from different samples, in this case stages, vary in sizes
and therefore need to be normalized. Many studies on high-throughput sequencing,
however, still uses number of tags per million as a measure of CAGE expression.
In 2009, Balwierz et al. (Balwierz et al., 2009) proposed a reference power law
distribution for normalization of CAGE tag counts in different samples. The
normalize TagCount() function plots a reverse cumulative distribution, between the
number of CAGE TSSs that are equal or greater than the number of tags (Y-axis)
and the number of CAGE tags (X-axis). This further assists us in choosing the
appropriate parameters for normalization of dataset. Figure 15 below shows the
output reverse cumulative plot for the 12 zebrafish samples we considered in this
experiment. On plotting the raw tag counts (Fig 2.7.1a) we observed the slope alpha
which is the median of slopes from individual samples and T being the total number
of tags which is the power of 10 to the median sequencing depth of samples. Once
we had the alpha (1.05) and T values (1e+07) we were able to plot another reverse
cumulative plot with the normalized counts in which all the samples followed a power

law distribution (Fig 2.7.1b).
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2.7.5.2 Exporting the normalized CAGE signal to bedGraph for genome
browser visualisation

The CAGEr protocol also supports the export of raw or normalized CTSS (CAGE

TSS) files consisting of tag counts to a bedGraph format which can then be

visualized on the genome browser. The exportCTSStoBedGraph() function exports

the genomic location and tag counts of CTSSs. It produces two separate CTSSs

files per sample for each strand.
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Figure 2.7.1 Power law distribution.

(a) The figure shows the distribution of CAGE tags per the number of CTSSs. The
slope proposed by the power law is written next to each sample in colour while the
grey dashed line represents the suggested power law distribution along with the
parameters to be used for normalization. (b) distribution of CAGE tags after the
normalization.

2.7.5.3 CTSS clustering and promoter width

Multiple CAGE tags that are within 20bp are clustered together into large
transcriptional unit called tag clusters (TCs). Neighboring TSSs in close proximity to
each other are mostly likely associated with the same promoter element and thus,
are grouped into large clusters (TCs). The clusterCTSS() function outputs tag
clusters for a given sample and estimates in each cluster the number of CTSSs, the
position of the dominant CTSS. It also calculates the signal in tags per million (tpm)
coming from each cluster as well as the dominant CTSS only. The clusterCTSS()
function can be specifically told to perform clustering based on either distance or a
parametric clustering based on the density of the signal. CTSSs with more than or
equal to 1 TPM were considered for clustering.

Previous studies in human cell lines (Carninci et al., 2006) and during zebrafish
development (Nepal et al., 2013) have identified two categories of promoters called
“broad” promoters characterised by several CTSSs or “sharp” promoters with a
distinct dominant CTSS. Thus, promoter width is an important feature to categorise
different classes of promoters. Interquantile width is used to estimate the promoter
width and is calculated by measuring the space between two quantiles of the total
CAGE signal (also highlighted in Fig 2.7.2). These are calculated using the functions

cumulative CTSSdistribution() and quantilePositions() which can be exported as a

BED file and viewed on the genome browser using the function exportToBed(). The
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plotinterquantile Width() function plots histograms to compare promoter width across

different samples.

14
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promoter & I
interquantile width (go.1 = qo.9)

Proportion of CAGE tags

Figure 2.7.2 Interquantile width calculations.

The figure above explains how CAGEr calculates interquantile width. The X-axis
represents promoter width which is the cumulative sum of all the tags that fall
between the upper quantile position (qup) and the lower quantile position (Qdown). The
Y-axis represents the proportion of CAGE tags. Figure taken from (Haberle et al.,
20195).

2.7.5.4 Expression profiling

Since CAGE is also a measure of transcription it can be used for RNA expression
analysis. Expression profiling can be done either at the level of individual CTSSs or
on entire promoters. The former is done by considering CAGE signal at individual
CTSSs across the different stages while in the latter case CAGE signal from an
entire consensus cluster (promoter) is used. A consensus cluster is constructed

using the consensusClusters() which aggregates all the overlapping TSSs and any
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neighboring TSSs within defined proximity of each other. CAGEr program uses two
algorithms for clustering: k-means and the self-organizing maps (SOMS). These
estimations are carried out by the getExpressionProfiles() function and then can be
visualised using the plotExpressionProfiles() function. The
extractExpressionClass() function helps in getting a specific expression class for
further analysis. We used a CTSS threshold of 50TPM (as suggested in CAGEr

protocol) for this analysis.

2.7.5.5 Shifting promoters

CAGETr also detects changes in the usage of TSS within the same promoter. It does
so by comparing changes in cumulative distribution of CTSS within a consensus
promoter from one sample to another. The function scoreShift() calculates a shifting
score which is further explained in Fig 2.7.3. For example, a shifting score of 0.6
indicates that 60% (chosen randomly) of the CAGE signal detected in a stage is
occurring outside the region that was used as TSS (within the same promoter) in
another stage. Then using the getShiftingPromoters() function we could export the
genomic coordinates, p-value and the shifting score for the promoters that show
changes. It also gives us the position of the dominant TSS and expression levels.
We used a shifting score of 0.6 to detect differential TSS usage pre-MZT between
the 64-Cell stage and the 1000-Cell stage. We also observed differential TSS usage

post-MZT between 1000-Cell and Prim-5 stage.
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Figure 2.7.3 Promoter shift calculation.

The figure above shows the schematics of shifting score measurement. The blue
and red lines indicate the cumulative distribution of CAGE signal within the same
promoter between two samples. with F1 being the sample with the lower TPM and
F2 with higher TPM. The purple line indicates the difference between F1 and F2.
And the shifting score is the ratio of the maximum difference between F1 and F2
and the total CAGE signal at F1 (sample with lower TPM). Figure taken from
(Haberle et al., 2015).

2.7.6 deepTools2.0

This software is used for quality control and normalisation of high throughput
sequencing analysis such as RNA-Seq and ChlP-seq (Ramirez et al., 2016).
Majority of the heatmaps in the thesis were plotted using deepTools computematrix

and plotHeatmap tool. We also used deepTools for producing strand specific bigwig
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and bedgraphs (Fig 2.7.4) using the bamCoverage tool (--fiterRNAstrand and —

normalizeUsing BPM options).
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Figure 2.7.4 UCSC genome browser view of RNA-seq data

Strand-specific RNA expression data when viewed on the UCSC genome browser
(Kent et al., 2002). H3K27me3 in dome and shield stages are ChlP-seq data from
DANIOCODE. The RNA-seq data is from our fractionation sequencing with peaks
in red and orange representing reverse and forward strand, respectively, in different
stages of development.
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2.7.7 BEDTools v2.28.0

BEDTools offers a range of tools to manipulate genomic features and use them for
analysis (Quinlan and Hall, 2010). We used bedtools for calculating the coverage of
repeats and genomic features such as introns, exons, 3’-UTR and 5-UTR using the
coverage tool with the -sorted -g “genomefile” -a “bedfiles” -b “BAMfiles” -s options.
The annotations for the exons, introns and other gene features for Zv9 genome
assembly were, in turn, downloaded using the R Bioconductor package
“GenomicFeatures” (Lawrence et al., 2013).

Since BedTools (used to overlap the protein-coding and antisense transcripts) also
gives us an idea about the overlap region using the intersect tool (-wo and -S
options) between the protein-coding and antisense in a pair, we calculated the
percentage overlap with respect to the length of the protein-coding transcript in the

two categories.

2.7.8 Functional Analysis of overlapping protein-coding genes

We further looked at whether the protein-coding transcripts in the overlapping
protein-coding and antisense pairs, belonging to the positively and negatively
correlated group, are enriched in certain gene ontology based on their biological
function. We used Database for Annotation, Visualisation and Integrated Discovery
(DAVID 6.8) software for functional annotation of these transcripts (Huang da et al.,
2009b, Huang da et al., 2009a). We especially focussed on the categories GOTERM
(biological process), GOTERM (molecular function) and GOTERM (cellular

component).
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2.7.9 R-packages: ggplot2 and gplots

We used the ggplot2 bioconductor package for plotting all of our violin and box plots,
using the geom_violin and geom_boxplot options (by H.Wickham 2016). We also
used the geom_histogram() function to plot the histograms for showing the overlap
region and the distance between the TSS of protein-coding genes and the antisense
TES. The gplots R-package was used to create heatmaps showing the RNA levels
of nuclear and cytosolic antisense and their overlapping protein-coding genes (used

in sections 3.2 and 4.2).
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CHAPTER 3: IDENTIFICATION AND CATEGORISATION
OF ANTISENSE NCRNAS AND THEIR OVERLAPPING
PROTEIN-CODING GENES DURING EARLY
ZEBRAFISH DEVELOPMENT

3.1 Introduction

During vertebrate embryogenesis, one of the important events determining early
development is the maternal-to-zygotic transition which is accompanied by zygotic
genome activation. Previous studies on zebrafish embryogenesis have established
the requirement for ncRNAs, such as miR-430 family, in the clearance of maternal
transcripts. In the absence of miR-430 the embryos fail to develop beyond 30%
epiboly (Giraldez et al., 2006). In addition, the role of ncRNAs in early developmental
events such as the X-chromosome inactivation is well documented. A set of seven
regulatory ncRNAs e.g. Xist, are required for X-chromosomal inactivation (Zhao et
al., 2008). In addition, repression of developmental genes located in the HoxD
cluster which are responsible for anterior-posterior patterning in all bilateral
organisms is regulated by ncRNA HOTAIR or HOX antisense intergenic RNA (Rinn
et al., 2007). Studies in humans have identified several cis-acting transcriptional
start site-associated ncRNAs (TSSa RNAs) that repress developmental genes by
recruiting histone modifying polycomb repressive complex, PRC2 (Kanhere et al.,
2010). All these examples provide evidence towards the importance of IncRNAs in
development.

On this background, identification of large number of IncRNA transcripts (~1133)

during early zebrafish development highlights the need for the importance of these



IncRNAs in development (Pauli et al., 2012). Interestingly, almost half of the IncRNA
transcripts (566) identified during early development were expressed in an
antisense manner showing exonic overlap with the protein-coding genes (Fig 3.1.1).
These type of antisense IncRNAs, have been implicated in regulation of their
overlapping protein-coding transcripts (Faghihi and Wahlestedt, 2009). Also, this
class of ncRNA has not yet been explored in detail with respect to zebrafish
embryonic development. One of the objectives of this thesis was to categorize these
antisense ncRNAs into groups and understand their relationship with overlapping
protein-coding transcripts based on the published deep RNA sequencing data for

eight zebrafish developmental stages (Pauli et al., 2012).
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Figure 3.1.1 LNCRNAs present during zebrafish development

The figure shows the 1133 IncRNAs expressed zebrafish embryogenesis out which
397 were categorised as intergenic IncRNAs, 184 intronic overlapping IncRNAs and
the rest 566 were antisense IncRNAs. The intergenic IncRNAs (labelled in blue) are
localised in the genome between two protein-coding genes (in black). The intronic
overlapping, in different shades of green, are IncRNAs found overlapping introns of
protein-coding genes which could be further categorised into three categories
(mRNA intron overlapping exon of ncRNA or all exons of mRNA overlapping intron
of ncRNA or all exons of ncRNA overlapping intron of mRNA) e). The IncRNAs in
the red are transcribed in antisense direction and overlap exons of protein-coding
genes on the opposite strand (in black). (figure taken from (Pauli et al., 2012))
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3.2 Results
3.2.1 Analysis of RNA-seq data for eight developmental stages

from an existing RNA-seq study

The Pauli et al. study carried out deep sequencing of polyA tailed RNAs from 8 early
stages of zebrafish development (Table 3.2.1). To measure levels of non-coding
transcripts and protein-coding transcripts, the raw sequencing data from Pauli et al.
was reanalysed (Pauli et al., 2012). The sequencing reads were quality filtered,
trimmed to remove adapters and then mapped to the Zv9 genome of zebrafish. The
alignment summary for each sample is tabulated in Table 3.2.1. On an average, out
of 38-40 million reads for each stage 30-35 million reads mapped uniquely to the
genome (i.e. ~ 88-90% reads). The aligned reads were further processed using
Cufflinks program to calculate RNA levels of different transcripts (Pertea et al.,
2015). The levels were measured as Fragments per kilobase per million (FPKM)
values for all the transcripts (both annotated and novel) in the different stages of

development.
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Table 3.2.1 Summary of RNA-seq alignment in 8 different stages of zebrafish

development

2-4Cell

30,745,209 4,955,581 27,925,520 4,410,339 90.6%
(0.2hpf)

1kCell (3hpf) 44,568,300 6,937,720 40,623,884 6,215,329 90.9%
Dome (4hpf) 42,579,162 6,761,161 38,687,577 6,049,445 90.7%
Shield (6hpf) 36,259,096 3,463,051 31,971,399 3,041,629 88.1%
Bud (10hpf) 43,055,780 7,549,530 38,679,487 6,798,714 89.9%
24hpf 41,952,775 7,123,408 37,531,430 6,409,422 89.5%
48hpf 43,256,341 7,577,505 @ 38,786,945 6,836,188 89.7%

3.2.1.1 Characterisation of antisense ncRNAs and their overlapping protein-

coding pairs during zebrafish embryogenesis

According to ENSEMBL, in Zebrafish genome (Zv9, zebrafish release 79), 1538

antisense ncRNAs and 49672 protein-coding (mRNA) transcripts are annotated

(Zerbino et al., 2018). We intersected the ENSEMBL annotations for the protein-

coding and antisense ncRNA genes and calculated the overlap as a minimum

percentage (at least 10%) of length of antisense ncRNA gene. This revealed that

there were 1482 overlapping protein-coding and antisense ncRNAs pairs in

zebrafish (Fig 3.2.1).

A correlation value (as suggested by Richard Lowry, 2001-2009 for a sample size,

N=8) was calculated between the levels of protein-coding RNA and antisense

NcRNA in a pair using the RNA-seq (Pauli et al., 2012). Out of the 1482 protein-
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coding and antisense ncRNAs pairs, 60 pairs did not express at all in any of the
developmental stages observed in the study and so were excluded. The 1422
protein-coding and antisense ncRNAs pairs, 696 protein-coding and antisense
ncRNAs pairs were negatively correlated while 580 of them were positively
correlated and the rest (146) showed no correlation. The pairs with significant
correlations (p-value < 0.05 and r > 0.71) were retained for further analysis. As a
result, 127 anti-correlated and 326 positively correlated protein-coding and

antisense ncRNAs ncRNA pairs were shortlisted.

Antisense transcripts
(1538)

Sense/Protein coding transcripts

(49672)
| Overlapping transcripts (1482) |

l

The RNA levels of Sense/Prot-coding & Overlapping AS Non-coding transcripts
(Pauli A RNA-Seq on 8 dev. stages)
(1422)

/ N

Anti correlation between the Sense & AS
Non-coding transcripts RNA levels

Positive correlation between the Sense &
AS Non-coding transcripts RNA levels

(696) (580)
Significant correlations Not Significant Significant correlations Not Significant
(pvalue<0.05) (pvalue<0.05) (pvalue<0.05) (pvalue<0.05)
(127) (569) (326) (254)

Figure 3.2.1 Pipeline used to identify and categorize overlapping protein-
coding and antisense ncRNA pairs.

We took the annotations for all the antisense ncRNAs predicted by ENSEMBL and
intersected with the annotated protein-coding genes. This gave us 1482 overlapping
transcript information, out of which 1422 were present across the 8 developmental
stages considered (Pauli et al., 2012) and showed either negative or positive
correlation based on their expression.
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3.2.1.2 Two different patterns of antisense ncRNAs and overlapping protein-
coding transcript expression observed
The average as well as individual levels of the protein-coding RNAs and antisense
ncRNAs in the positively correlated and negatively correlated groups were plotted
(Fig 3.2.2). We found that the average abundance of all antisense ncRNAs in the
negatively correlated group was higher in the pre-MZT stages while the protein-
coding transcript levels increased post-MZT. Thus, suggesting that the antisense
ncRNAs in the anti-correlated category were predominantly maternally deposited
which eventually get degraded with zygotic genome activation (10hpf). In contrast,
in the positively correlated category, both the antisense ncRNAs and the protein-
coding transcripts were present throughout the 8 stages covered by RNA-seq data.
Therefore, antisense ncRNAs and mRNAs belonging to the positively correlated
group showed both maternal (0.75hpf to 10hpf) and zygotic contribution (24hpf
onwards). These results were confirmed by plotting individual antisense — mRNA
pair RNA levels in the negatively and positively correlated category in different

stages of development (Fig 3.2.3a-b).
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Figure 3.2.2 Two distinct patterns of antisense — protein coding expression.

The plot shows the average RNA levels of protein-coding and Antisense ncRNAs transcripts in 8 developmental stage of zebrafish.
The X-axis shows hours post fertilisation while the Y-axis represents average RNA levels in FPKM which were colour coded as
indicated by the key. And the red dotted line at 3hpf stage marks the activation of zygotic transcription. On the left is a plot of
average RNA levels of antisense ncRNAs and corresponding protein-coding mRNAS in the anti-correlated group while on the right
in the positively correlated category.
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Figure 3.2.3 Individual RNA levels of antisense and mRNA in the two groups

Violin plot showing the RNA levels of individual antisense ncRNAs and protein-coding gene in both the negatively and positively
correlated group. a) represents the antisense ncRNAs (left) and the protein-coding genes (right) in the negatively correlated
category while b) shows the positively correlated group. The X-axis shows the hours post fertilisation which were colour coded as
explained by the key on the right and the Y-axis represents the RNA levels (FPKM). The red dot marks the mean RNA levels.
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3.2.1.3 Antisense examples confirmed the negative correlation observed for
the protein-coding and antisense pairs in RNA-Seq data
Three examples of protein-coding and antisense ncRNAs pairs, Rbms3, Rbp4l and
Tfap2b from the negatively correlated group were chosen for further downstream
analysis based on their function during zebrafish development (Fig 3.2.4). Rbp4l,
previously called purpurin, is a retinol binding protein that transports the retinol to
developing retina. Morpholinos against rbp4/ gene resulted in severe loss of cell
differentiation of the retina in developing zebrafish embryos (Nagashima et al.,
2009). The rbp4l antisense overlaps the entire length of the rbp4/ protein-coding
genes with the end of the antisense overlapping the start of the mRNA (Fig 3.2.4a).
The antisense to rbp4/ also overlaps two other protein-coding genes, slc26a1 (full
length overlap) and PRC1 gene (start to start overlap). Rbms3 is an RNA-binding
protein part of the c-myc single stranded interacting proteins called MSSPs (Penkov
et al., 2000). Knockdown experiments of rbms3 resulted in craniofacial defects in
zebrafish suggesting Rbms3 by directly binding with smad2 post-transcriptionally
regulates the TGF-Br (transforming growth factor 3 receptor) pathway which is
responsible for cartilage formation (Jayasena and Bronner, 2012). The rbms3 gene
has four isoforms with three shorter transcripts and a longer isoform that overlaps
the whole length of the antisense (Fig 3.2.4b). TFAP2B is a DNA-binding protein
with transcription factor activity and is essential for craniofacial development in
zebrafish. It is co-expressed with another DNA-binding protein from its family of AP2
transcription factors, TFAP2A and promotes skeletal development in neural crest
cells (Knight et al., 2005). The tfap2b gene shows five different isoforms with the

start of all of them overlapping the end of the antisense (Fig 3.2.4c).
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Figure 3.2.4 Localisation of antisense - protein-coding pairs on the UCSC genome browser (Kent et al., 2002).

a) Depicts the genomic position of rbp4l mRNA gene (grey) and its overlapping antisense ncRNA (red). It also shows two other
genes slc26a1 and PRC1 that overlap the antisense ncRNA. b) The screenshot shows the arrangement of the Rbms3 mRNA gene
(grey) and its overlapping antisense (red) in the genome. It also shows the presence of four different isoforms for the Rbms3 gene.

c) lllustrates another antisense ncRNA (red) to the tfap2b gene (grey). The screenshot also shows the presence of five different
isoforms for the tfap2b gene.
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The expression pattern of the antisense RNAs and protein-coding mRNAs in these
three pairs was profiled in different stages of development. We chose 3 stages of
development, one at MZT (1000-Cell), post-MZT (Shield) and a later stage (24hpf)
for our study (Fig 3.2.5). Rbp4l could be detected only in 24hpf (post-MZT) while the
Rbp4l antisense ncRNA (Rbp4l-AS) expression goes down in 24hpf (Fig 3.2.6a).
The example of Rbms3 was interesting as two protein-coding isoforms are
annotated for this gene. The band at 533 bp is the desired band for the antisense.
However, the higher band at ~800bp observed for Roms3 AS in 24hpf (Fig 3.2.6b)
is the full-length isoform of Rbms3 mRNA gene that starts expressing. The
schematics explaining the position of the PCR primer used for Rboms3 AS and the
PCR product sequenced (533 bp) is highlighted in Fig 3.2.5. The antisense to the
Tfap2b mRNA gene also showed presence in the early stages but disappeared by
24hpf when the mRNA started expressing (Fig 3.2.6¢c). The PCR results for Rbp4l
and Rbms3 protein-coding and antisense ncRNAs pairs suggest an increase in the
expression of protein-coding RNA when the expression of the non-coding antisense

ncRNAs decreases, which agree with the RNA-seq data.
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Figure 3.2.5 Primer design and PCR product for Rbms3 antisense.

The figure below gives a genome browser view of the primer design for Rbms3
antisense and the PCR product sequenced and mapped back to the zebrafish
genome.
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Figure 3.2.6 Gel pictures showing the expression of antisense — mRNA pairs.
a) shows the expression of rbp4l antisense cDNA and rbp4l protein-coding cDNA in
3 stages, b) expression of rbms3 antisense cDNA against it overlapping protein-
coding cDNA levels and c) comparison between the cDNA levels of tfap2b antisense
and tfap2b protein-coding. We also additionally checked the quality of these RNAs
using Gapdh as a control (APPENDIX, Fig 2).

3.2.1.4 Protein-coding genes in the negatively correlated group were found
enriched in developmental and homeobox proteins
Given the distinct expression pattern of genes in the positively and negatively
correlated group, a pertinent question would be if the genes in the positively and
negatively correlated group show differences in their biological and cellular
functions. To answer this question, a Gene Ontology (GO) analysis was carried out
using the Database for Annotation, Visualization and Integrated Discovery (DAVID)
(Huang da et al., 2009b, Huang da et al., 2009a) on the protein-coding transcripts
in the two groups. The two groups were enriched in distinct molecular functions (p-
value < 0.05). The transcripts belonging to the negatively correlated group were
enriched in homeobox containing (p-value of 7.65 x 10'?), transcription regulation
(p-value of 2.31 x 10-°) and developmental genes with p-value equal to 2.06 x 10~/
(Fig 3.2.7). Thus, suggesting that these proteins are essential for transcription and
development. The transcripts in the positively correlated group were enriched in
housekeeping functions related to metabolism and signalling processes. The top
category in this group were lipid metabolism (p-value of 0.0668), DNA binding (p-

value is 0.082) and transport proteins with p-value equal to 0.052.
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Figure 3.2.7 GO analysis on the protein-coding genes in the two groups.

The Y-axis shows the categories the genes were enriched in while X-axis shows the negative log of p-values. The circle represents
the homeobox genes which were significantly enriched in the anti-correlated protein-coding genes. The chart on the left (red) shows
the enrichment of mMRNA genes in the negatively correlated group for functions related to DNA-binding and transcription regulation.
The graph on the right (grey) shows gene ontology terms associated with the protein-coding genes in positively correlated category.
The functional terms include hydrolase activity and transportation.
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3.2.1.5 The overlap region between the antisense ncRNAs and the protein-
coding gene was found to be longer in the negatively correlated
category
It has been proposed that the antisense RNAs regulate expression of overlapping
protein-coding genes (Wang and Chang, 2011). The analysis carried out here
shows that the antisense RNAs can have either positive, negative or no correlation
with the expression of overlapping protein-coding gene. This suggests that
antisense RNAs might either repress or induce expression of overlapping protein-
coding gene which is expressed in the opposite direction to the ncRNA. One
manner in which the antisense ncRNAs keep the protein-coding genes repressed is
by post-transcriptional RNA interference silencing pathway. The antisense RNA
forms RNA-RNA hybrid with the mRNA, thus, preventing its translation (Villegas and
Zaphiropoulos, 2015). Hence, it is important to further analyse the extent of overlap
between the antisense ncRNA and its respective protein-coding gene.
The nature and extent of overlap between a protein-coding and its respective
antisense ncRNAs (Fig 3.2.9) can be useful to gain insight into the mechanism by
which antisense ncRNA might regulate the overlapping protein coding gene.
Therefore, the extent of overlap between antisense and protein-coding pairs
belonging to the two groups was calculated. Interestingly, average base pair overlap
in case of negatively correlated group (13003bp) is almost three-times as compared
to the protein-coding and antisense ncRNAs pairs in the positively correlated
category (4673bp). The antisense in the no correlation category, however, showed
higher overlap region (6722bp) compared to the positively correlated group with the
corresponding protein-coding genes. The percentage overlap with respect to the

length of the protein-coding transcript was also found to be much higher for the
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negatively correlated group (54.1%) in comparison to the positively correlated
category (31.92%). The antisense in the no correlation group (33.2%) showed
percentage overlap similar to that of antisense in the positively correlated group.
Thus, possibly suggesting a role of higher overlap in how these antisense might be

regulating the expression of protein-coding genes.

3.2.1.6 The distance between the TSS of the protein-coding gene and the
TES of overlapping antisense

To further investigate the nature of overlap between protein-coding gene and its
antisense RNA, we analysed the overlap region and the distance between the TSS
of MRNA and the end or TES of antisense RNA (Fig 3.2.8). The reason behind this
analysis was the fact that majority of the antisense observed on the browser in the
negatively correlated group showed overlap with the protein-coding gene start (Fig
3.2.4). The histograms for the overlap region and TSS-TES distances again
reflected that the negatively and positively correlated groups are quite distinct (Fig
3.2.10). In general, the antisense RNA — protein-coding genes in the negatively
correlated group intersected more compared to those in positively correlated group.
It was also found that the distance between the TES of antisense and the TSS of
MRNA gene was higher for the positively correlated category in comparison to the
negatively correlated group indicating that the transcription of antisense RNAs

terminated in close proximity of TSS of overlapping gene.
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Figure 3.2.8 Schematics of distance between antisense TES and mRNA TSS
The figure above is a schematic representation of how the distance in bp was
calculated between the TES of antisense (shown in orange) and the TSS of the
overlapping protein-coding gene (in green). The arrows indicate the direction of
transcription and the symbols in red the strand information ().
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Figure 3.2.9 Average overlap region between antisense and mRNA

Average Overlap region between the antisense ncRNAs and protein-coding transcripts in negative, positive and no correlation
category. The bar plot on the left shows the average overlap region in three categories which are colour coded as indicated by the
labelling below each plot. The plot on the right shows the percentage overlap region with respect to the length of the protein-coding
gene. The schematics below the plot explains how we calculated the overlap region.
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Figure 3.2.10 Histograms representing overlap region and distance
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Histogram on the left shows the distribution of individual overlap region between the antisense and protein-coding gene in the
negatively (green) and positively correlated group (orange). The histogram on the right shows the distance between the TES of
antisense and the TSS of mRNA genes in the two categories. The X-axis represents the count or the number of times an event
occurs while the Y-axis shows the log of overlap region (left) and distance (right) in bp.
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3.2.1.7 Association of antisense and mRNA expression with chromatin
modification revealed a plausible mechanism of regulation by
antisense during development

It is well-documented that developmental genes are associated with polycomb
group of proteins which are responsible for deposition of H3K27 trimethylation
(H3K27me3) histone modification marks at the promoter of these genes (Aloia et
al., 2013). As the protein-coding genes in the negatively correlated group were
found to be involved in developmental processes, it will be interesting to study the
dynamics of H3K27me3 mark at these genes. Past studies in human cell lines and
mouse have also suggested the association of numerous INncCRNAs associated with
chromatin or repressive chromatin marks (Guttman et al., 2011, Bogu et al., 2015).
So, we mined the zebrafish database for ChlP-seq (Chromatin immunoprecipitation)
data profiling genome-wide enrichment of H3K27me3 mark in the dome stage of
development. A heatmap showing enrichment of H3K27me3 across the TSS of
antisense and overlapping mRNA in the two categories (Fig 3.2.11) showed distinct
patterns of H3K27me3. Along with the H3K27me3 data we also plotted H3K4me3,
associated with transcriptional initiation and H3K27ac marks that is usually enriched
at transcriptionally active genes.

As expected, the protein-coding genes in negatively correlated group showed high
enrichment for H3K27 trimethylation which is typically seen at developmental genes.
Interestingly, antisense RNAs in the negatively correlated group showed little or no
repressive marks around the TSS. On observing the H3K27ac and H3K4me3
marks, which represent activation and initiation marks at the promoter regions, we
could not find any significant enrichment for the marks on both the antisense RNAs

and protein-coding genes. Considering the antisense RNAs are maternally
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deposited (Fig 3.2.2) and the overlapping mRNAs are not expressed in early stages
(Fig 3.2.2), H3K27ac and H3K4me3 marks show expected pattern. The histone
modification marks, at antisense-protein-coding pairs in the positively correlated
category, are distinct. The antisense as well as the protein-coding genes in the
positively correlated category did not show any enrichment for the H3K27me3
repressive mark but they did show significant enrichment of activation marks
H3K27ac and H3K4me3 across their TSS. This is expected given the genes in
positively correlated group is enriched in house-keeping genes. This provides
additional evidence that the antisense and protein-coding in the positively correlated

category show both maternal and zygotic contribution.
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Figure 3.2.11 Chromatin modification at TSS of antisense and overlapping mRNA

Heatmap showing the distribution of ChIP marks (H3K27ac, H3K4me3 and H3K27meJ3) across the TSS of antisense and protein-
coding gene in the negatively and positively correlated group. the H3K27ac marks are in red, H3K4me3 marks are in green and
H3K27me3 marks in yellow. The X-axis represents the TSS and 2kb upstream and downstream of TSS of antisense (upper window)
and protein-coding gene (lower window).
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3.2.2 Identification and categorisation of antisense ncRNAs and
overlapping protein-coding pairs in mouse embryonic stem

cells (MESCs)

To verify whether the correlations observed between antisense ncRNAs and protein
coding genes during early zebrafish development are also present in early
development of other vertebrates, data from mouse which is another commonly
used vertebrate model was mined. Mouse embryonic stem cells (MESCs) were
chosen as transcriptomics data for stages equivalent to that used in our zebrafish
(maternal-to-zygotic transition) analysis was available for this model organism
(Gloss et al., 2017). As in case of Zebrafish data, we divided mESC transcripts into
two groups based on the correlation between the RNA levels of antisense ncRNAs
and protein-coding transcripts.

According to ENSEMBL annotations (Zerbino et al., 2018) there are 5946 antisense
ncRNAs non-coding RNAs and 1,242,256 protein-coding transcripts in mouse. An
intersect between the antisense and protein-coding transcripts resulted in 2772
overlapping pairs. Ten time points for every 6hrs during differentiating mESCs was
chosen from an existing RNA-seq study (Gloss et al., 2017). As in case of Zebrafish
data, we divided mouse transcripts into two groups based on the correlation
between the RNA levels of antisense ncRNAs and protein-coding transcripts.
Based on the expression data across the ten timepoints considered, we got 206
overlapping pairs that showed either positive (67) or negative correlation (139)
(Gloss et al., 2017). Among the correlated pairs 48 were significantly anti-correlated

and 26 significantly positively correlated with p-value < 0.05 (Fig 3.2.12). The very
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low number of antisense to protein-coding pair in mESCs could be due to the fact

that majority of the antisense do not express in early stages considered in our study.

Antisense transcripts
(5946)

N

Sense/Protein-coding transcripts

(1242256)

/

| Overlapping transcripts (2772) |

l

The expression levels of Sense/Prot-coding & Overlapping
Non-coding gene (Gloss B.S et al RNA-Seq on 10 dev. stages)

(206)
Anti correlation between the Positive correlation between the
Sense & Non-coding gene Sense & Non-coding gene
(139) (67)
Significant correlations Not Significant Significant correlations Not Significant
(pvalue<0.05) (pvalue<0.05) (pvalue<0.05) (pvalue<0.05)
(48) (91) (26) (41)

Figure 3.2.12 Pipeline used to identify and categorise antisense — mRNA pairs
Schematic representation of workflow for identifying antisense ncRNAs and
overlapping protein-coding transcript pairs in mouse embryonic stem cells. we found
a total of 2772 overlapping transcripts out of which only 206 were expressing in the
ten stages of differentiation.
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3.2.2.1 No distinct pattern of expression was observed among the antisense
ncRNAs in the negatively and positively correlated group in mESCs
On plotting the average expression levels (Fig 3.2.13) of the antisense ncRNAs
against the expression of their overlapping protein-coding transcripts in the two
categories, no significant differences in their levels during differentiation was
observed. Both the antisense ncRNAs and the protein-coding transcript in the
positively and negatively correlated group seemed to be expressing throughout
differentiation. The plot for the antisense and mRNAs in the negatively correlated
group did not reveal any pattern compared to what we observed during zebrafish
development. However, the average RNA levels of antisense, in the positively
correlated category, did seem to go down by 24hrs and then again increased by 120
hours of differentiation proposing both early and late developmental expression. The
average RNA levels of overlapping antisense ncRNAs and protein-coding
transcripts (Fig 3.2.13) in both the negatively and positively correlated category did
not show specific characteristic of being either maternal or zygotic transcripts. The
absence of any specific correlation between the antisense and the overlapping
protein-coding genes in any of the two categories (negatively and positively) could

be due to the very low number of pairs observed.
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Figure 3.2.13 Average RNA levels of antisense and mRNA in the two categories

The plot shows the average RNA levels of overlapping protein-coding and antisense ncRNAs transcripts during differentiation in
mESCs. The X-axis shows the timepoints in development while the Y-axis represents average RNA levels. The red dotted line at
24hrs of differentiation marks the activation of zygotic genome.
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b) Positively correlated group
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Figure 3.2.14 Individual antisense — mRNA expression plot in the two categories

Violin plot showing the RNA levels of antisense ncRNAs and overlapping protein-coding transcripts in both the a) negatively and
b) positively correlated group. Y -axis represents the RNA levels of antisense ncRNAs (left) and mRNAs (right) in each category.
The X-axis shows the ten timepoints considered in the study which are colour coded (colour key).
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3.2.3 Conservation of antisense — protein-coding pairs from

negatively correlated group in humans and mouse genome

To observe whether the characterized zebrafish antisense — protein-coding pairs
from the negatively correlated category (Fig 3.2.1) are conserved, the genomic
location of the overlapping developmental genes were viewed in human and mouse
genomes. We looked at the developmental gene examples (Fig 3.2.7), hoxb gene
cluster (hoxb2, hoxb3, hoxb4, hoxb5 and hoxb6), six1b and the /hx5 genes. RNA-
seq dataset from Pauli et al. (Pauli et al., 2012) was used for observing expression
of genes. For mouse and human the available resource on UCSC genome browser
for RNA-seq (CSHL long RNA-seq from ENCODE/Cold Spring Harbor, (Affymetrix
and Cold Spring Harbor Laboratory, 2009) and CAGE-seq (RNA subcellular CAGE
localization from ENCODE/RIKEN, (Carninci et al., 1996) was used (Kent et al.,
2002).

In zebrafish all genes in the hoxb (hoxb2a, hoxb3a, hoxbba and hoxb6a) cluster
shares the same antisense, si:ch73-4e5.1, and all the protein-coding gene
expression showed anticorrelation with the antisense (Fig 3.2.14). The antisense is
seen present in the early stages of zebrafish development while all the overlapping
hoxb genes started expressing in the later stages. In mouse (Fig 3.2.14b) the
expression of hoxb2 and hoxb3 mRNA gene also decreased with an increase in the
expression of antisense (hoxb3os) on comparing adrenal A8 and kidney AB RNA-
seq datasets for these genes. The hoxb5 and hoxb6 mRNA gene in mouse (Fig
3.2.15b) also showed a decrease in their expression when the antisense,
0610040B09Rik, expression increased. In the human cell lines, however, we
observed a positive correlation between the expressions of hoxb2 and hoxb3 and

their antisense, hoxb-AS1, as well as in the expression of hoxb5 and hoxb6 genes
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and their antisense, hoxb-AS3. This was possibly due to the differences in the
localisation of antisense with respect to its overlapping protein-coding. The
antisense and the overlapping mRNA gene in both zebrafish and mouse genomes
showed a very similar arrangement (Fig 3.2.14-3.2.15 a and b), however, in humans
its different with multiple transcripts for both the antisense and mRNA. The six1b
gene in zebrafish is completely overlapped by its antisense and their expression
shows negative correlation (Fig 3.2.16a). The antisense to six7 gene is annotated
in both humans and mouse (Fig 3.2.16b-c), however, CAGE-seq and RNA-seq
showed presence of read on the opposite strand suggesting the presence of an
antisense. In mouse, an anticorrelation between the six7 gene and antisense was
prominent in the tissue specific cell lines but in humans it shows a positive
correlation. The localisation of the antisense and six7 gene in both mouse and
zebrafish showed complete overlap unlike in humans in which they are head-to-
head, divergent IncRNAs (Fig 3.2.16). The antisense to /hx5 gene in zebrafish
completely overlaps it and showed a negative correlation in their expression pattern
during development (Fig 3.2.17). The mouse genome also showed presence of an
antisense overlapping the protein-coding gene, /hx5 (Fig 3.2.17b). However, in
human genome, there is no annotated antisense but RNA-seq confirmed the
presence of antisense on the opposite strand (Fig 3.2.17c). The antisense and the
Ihx5 gene in mouse and human cell lines showed a positive correlation in their
expression. This again could be due to the localisation of antisense with respect to
its overlapping protein-coding gene which in human and mouse are arranged as
divergent RNAs (Fig 3.2.17b and c). But in zebrafish again the antisense completely

overlapped the /hx5 gene (Fig 3.2.17a).
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Figure 3.2.14 Genome browser view of hoxb3 and hoxb2 gene.

a) the genome browser view shows the arrangement of hoxb3a and hoxb2a
gene and its overlapping antisense in zebrafish. The additional tracks shows
the expression of mRNAs and antisense during development (red, + strand
and orange, - strand). b) the schematic shows the arrangement of hoxb2
and hoxb3 genes annotated by ENSEMBL in mouse genome. The hoxb3os
is the antisense to these genes. The tracks below the annotations shows
RNA-seq expression in different tissue specific cell lines. ¢) The screenshot
shows the arrangement of hoxb3 and hoxb2 gene, in blue, and their
antisense, hoxb-AS1 (green), annotated by GENCODE in humans. The
tracks below the annotations shows RNA-seq expression in different cell
lines.
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a) Hoxbba and hoxb6a gene in zebrafish genome
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Figure 3.2.15 Genome browser view of hoxb5 and hoxb6 gene.

a) the genome browser view shows the arrangement of hoxbba and hoxb6a
gene and overlapping antisense in zebrafish. The additional tracks shows the
expression of mRNAs and antisense during development (red, + strand and
orange, - strand). b) the schematic shows the arrangement of hoxb5 and
hoxb6 genes and their antisense annotated by ENSEMBL in mouse genome.
The tracks below the annotations shows RNA-seq expression in different
tissue specific cell lines. c) the screenshot shows the arrangement of hoxb5
and hoxb6 gene in blue, and their antisense, hoxb-AS3 (in green), annotated
by GENCODE in humans. The tracks below the annotations shows RNA-seq
expression in different cell lines.
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Figure 3.2.16 : Genome browser view of six1 gene.

a) the genome browser view shows the arrangement of six1b gene and
its overlapping antisense in zebrafish. The additional tracks shows the
expression of mMRNA and antisense during development (red, + strand
and orange, - strand). b) the schematic shows the arrangement of six1
gene annotated by ENSEMBL, in blue and red, in mouse genome. The
tracks below the annotations shows RNA-seq expression in different
tissue specific cell lines. There’s no annotated antisense for this gene in
both genomes, however, CAGE-seq and RNA-seq detects tags on the
opposite strand. c) the screenshot shows the arrangement of six1 gene
annotated by GENCODE, in blue, in humans. The tracks below the
annotations shows CAGE-seq expression in different cell lines.
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Figure 3.2.17 : Genome browser view of Ihx5 gene.

a) the genome browser view shows the arrangement of Ihx5 gene and its
overlapping antisense in zebrafish. The additional tracks shows the expression
of mRNA and antisense during development (red, + strand and orange, -
strand). b) the schematic shows the arrangement of Ihx5 gene annotated by
ENSEMBL, in blue and red, in mouse genome. The tracks below the
annotations shows RNA-seq expression in different tissue specific cell lines.
There’s no annotated antisense for this gene in mouse genome, however, RNA-
seq detects reads on the opposite strand. c) the screenshot shows the
arrangement of Ihx5 gene, in blue, and the antisense (RP11-82C23.2), in green,
annotated by GENCODE in humans. The tracks below the annotations shows
RNA-seq expression in different cell lines.
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3.3 Discussion

In zebrafish so far, there are a few antisense which have been identified during
embryogenesis. The tie-1 gene which is essential in vascular development in
zebrafish embryos has been shown to be downregulated by its antisense tie-1 AS
(Li et al., 2010). In this chapter, the aim was to characterise antisense ncRNAs
expressed during early stages of zebrafish embryogenesis and their relation to the
overlapping protein-coding partner which is transcribed from opposite strand. It has
been shown in human and mouse ESCs that IncRNAs have a significantly higher
expression correlation with their closest gene (less than 5kb) compared to protein-
coding genes (Luo et al., 2016). We characterised antisense ncRNAs into different
groups based on whether they correlated positively or negatively with the
expression of their overlapping protein-coding partners. A very clear pattern of anti-
correlation and positive correlation was observed for all stages (Fig 3.2.1). In doing
so, we determined that the antisense ncRNAs in the negatively correlated group
showed characteristics of maternal transcripts with high RNA levels during the early
stages (0.75hpf) and degradation around 10hpf stage with little or no zygotic
contribution. This was in accordance with what has been predicted for the IncRNAs
identified in the early stages of zebrafish development (Pauli et al., 2012). The study
proposed either a maternal (majority of RNAs) or a paternal contribution (sperm
provided RNAs) for these IncRNAs (Lalancette et al., 2008). The antisense ncRNAs
belonging to the positively correlated category, on the other hand, showed
characteristics of housekeeping genes or genes involved in organogenesis with
both maternal and zygotic contribution. Thus, for the first-time we have provided
evidence for the presence of two different class of antisense during zebrafish

embryogenesis. We also established the importance of the protein-coding genes
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that these antisense ncRNAs overlapped in the two groups with the negatively
correlated mMRNA genes being enriched for developmental genes and the positively
correlated mRNA genes in metabolism.

In some cases, antisense downregulate their overlapping protein-coding gene
function by forming an RNA-RNA hybridisation with the mRNA thus preventing its
translation (Faghihi and Wahlestedt, 2009). A similar mechanism can be explained
by the higher overlap region observed between the antisense genes and their
protein-coding partner (Fig 3.2.9). The proximity of the antisense TES from the
overlapping mRNA TSS or convergent transcription, in negatively correlated group
(Fig 3.2.10), might be a possible mechanism of regulation of overlapping mRNA
genes by antisense (Shearwin et al., 2005).

We also established that the developmental genes observed in the negatively
correlated group were associated with H3K27 trimethylation marks or PcG
complexes in agreement with another study (Aloia et al., 2013). The antisense in
this category did not show enrichment for neither H3K4me3 nor H3K27ac hinting
towards their maternal inheritance. We also proved that the mRNA genes in the
positively correlated category are housekeeping genes as they showed enrichment
for both initiation (H3K4me3) and activation marks (H3K27ac) but not for
H3K27me3. A past study has shown that majority of these chromatin marks are
established during or after zygotic genome activation (Vastenhouw et al., 2010).
Therefore, we speculate that after the zygotic genome activation which establishes
the H3K27me3 marks onto the protein-coding genes, their expression is regulated
by the PRC2 complex. Before zygotic genome activation, however, the maternally
deposited antisense ncRNAs probably through their complementarity with the

overlapping mRNA prevents its translation. This is reflected by the higher overlap
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region between the mRNAs and their antisense (Fig 3.2.9). We propose a post-
transcriptional mechanism of regulation by the antisense in the negatively correlated
group which is a backup process to prevent the developmental genes from
expressing before their absolute requirement. The antisense in the positively
correlated category, in contrast, may regulate the overlapping mRNA genes by
association with activating chromatin modifying complexes (Fig 3.2.11) (Orom et al.,
2010b, Orom et al., 2010a). To further prove this mechanism of transcription
regulation we checked the localisation of these antisense ncRNAs transcripts with
respect to their corresponding protein-coding transcripts, which will be the objective
of our next set of experiments (CHAPTER 4).

Our study also included further analysis whether antisense ncRNAs and protein-
coding pairs show similar correlations during early development in other
vertebrates. The average RNA levels of overlapping antisense ncRNAs and protein-
coding transcripts (Fig 3.2.13) in both the negatively and positively correlated
category did not show specific characteristics of maternal and zygotic transcripts.
This might be due to the difference in the timing of maternal-to-zygotic transition
which in zebrafish occurs at 3hpf and is accompanied by rapid cell divisions. While
in mouse, it occurs at 24hpf, with comparatively slower cell divisions and longer
developmental time (21 dpf) compared to zebrafish (3 dpf) (Tadros and Lipshitz,
2009). Therefore, it is possible that majority of the overlapping transcripts (2772)
that we miss in our analysis are expressed later in development. Majority of the
antisense and overlapping developmental genes characterised in our negatively
correlated category showed conservation in both mouse and human genome. This
has been previously observed in Fugu rubripes (Woolfe et al., 2005) and mouse

(Ponjavic et al., 2009) that identified INncRNAs to be conserved at syntenic level as
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well as colocalised with transcription factor genes during vertebrate development.
The hoxb genes, for example, showed comparable arrangement in both zebrafish
and mouse with a similar expression correlation (negative) between the antisense
and overlapping protein-coding gene. However, in human genome all of the
antisense observed showed a positive correlation with the expression of the mRNA
gene. Previous correlation analysis between the expression of IncRNAs antisense
to the coding genes showed positive correlation in tissue specific human cell lines
(Derrien et al., 2012). The arrangement or genomic localisation of the antisense in
humans with the protein-coding gene was different from zebrafish and mouse for
majority of the genes observed. The results suggested that the positioning of
antisense and the protein-coding gene plays an important role in how the antisense
might be regulating the expression of overlapping mRNA gene. A study, in mouse
and human ESCs, revealed divergent IncRNAs to be associated with important
developmental genes (Luo et al., 2016). Studies on yeast (Qi and Arkin, 2014) and
bacteria (Xu et al., 2011) has also revealed similar positioning of antisense with
specific genes that needs to be activated owing to environmental changes such as
stress response genes.

In summary zebrafish development showed presence of several maternal antisense
ncRNAs that might be involved in the regulation of overlapping protein-coding gene
expression. These maternal antisense also showed conservation in both human and
mouse genomes. The analysis also revealed the importance of antisense

positioning with respect to the protein-coding gene.
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Figure 3.3.1 Mechanism of regulation of protein-coding genes by antisense ncRNAs.

The figure shows a hypothesis for the possible mechanism of mRNA transcription regulation by the overlapping antisense ncRNA.
Two mechanisms speculated is either transcriptional interference, where the antisense modulates transcription of mRNA by
recruiting PRC?2 or repressive complex, or post-transcriptional silencing of mRNA gene expression by antisense by forming double
strand RNA-RNA hybridisation.
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CHAPTER 4: SUBCELLULAR LOCALISATION OF
RNAS WITH MATERNAL-TO- ZYGOTIC TRANSITION
DURING ZEBRAFISH DEVELOPMENT

4.1 Introduction

During early stages of vertebrate development, zygotic genome is inactive and initial
functioning of embryo takes place with the help of maternally deposited RNAs as
well as proteins. Zygotic genome activation, which results in maternal-to-zygotic
transition (MZT) of transcriptome, is a crucial step responsible for embryonic
development. There is much that we still do not understand about MZT and one
such question is the cellular localisation of both types of RNAs, maternally provided
and zygotically expressed, prior to MZT and post-MZT respectively. The subcellular
localisation will be important in understanding genomic function of these RNAs and
will contribute in gaining insight into early developmental events. Similar studies
such as (Djebali et al., 2012, Derrien et al., 2012, Diermeier and Langst, 2014,
Mitchell et al., 2012, Dhaliwal and Mitchell, 2016, Bai and Laiho, 2016) for example
have revealed interesting dynamics of RNAs. The GENCODE study (Derrien et al.,
2012) in human cell lines revealed that when compared to the coding RNAs, non-
coding RNAs are localised in the nucleus relative to cytosol. The levels of polyA+
and polyA- RNAs varied in their subcellular localisation. It has been observed that
small non-coding RNAs show highly specific localisation, with miRNAs and tRNAs
being abundant in the cytosolic fraction and snoRNAs being predominantly present
in the nuclear fraction (Djebali et al., 2012). However, snRNAs were distributed

equally in both the compartments and on further examination were highly abundant
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in chromatin-associated fraction possibly due to their role in splicing (co-
transcriptional mechanism).

RNA dynamics and localisation during early vertebrate development has not yet
been studied. In this chapter, we sought to identify the subcellular localisation of
RNAs. Total RNA-Seq (both polyA+ and polyA-) on these fractions can not only
provide information on the localisation of developmental mRNAs, but also several
processed and unprocessed non-coding RNAs. The fractionation of RNAs will also
allow detection of lowly expressed RNAs which cannot be detected in whole-cell
RNA-seq due to low transcript levels and being restricted to the nucleus.

In this chapter we analyse the localisation and expression of annotated ENSEMBL
(Zerbino et al., 2018) mRNA and non-coding RNAs in either the nuclear or cytosolic
compartment during zebrafish development. Our RNA-seq data not just provides a
resource of RNA landscape but also unravels important regulatory mechanism of

ncRNAs during vertebrate development.
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4.2 Results

4.2.1 Nuclear and Cytosolic fractionation of zebrafish embryos

In order to understand compartmentalization of RNAs during early development, we
collected cytosolic and nuclear fractions from 8 different stages of zebrafish
embryonic development, which included the 64-Cell (2hpf), 128-Cell (2.25hpf), 256-
Cell (2.5hpf), 512-Cell (2.75hpf), 1000-Cell (3hpf), High (3.3hpf), Dome (4.3hpf) and
Shield (6hpf) stages. The fractions were validated by checking for the presence of
known nuclear and cytosolic protein markers in humans. For cytosolic fraction
Gapdh and for nuclear fraction Ezh2 was used as a marker (San et al., 2016, Thisse
etal., 2004). In human cell lines, these proteins are highly localised in corresponding
compartments. In the collected embryonic fractions, as expected GAPDH was only
present in the cytosolic fraction indicating that cytosolic fraction is highly enriched
and its absence from nuclear fraction indicated that nuclear fraction is free from any
cytosolic contamination (Fig 4.2.1a). The nuclear marker EZH2, a chromatin
modifying protein (subunit of the polycomb repressive complex Il associated with
chromatin) is much more enriched in the nuclear fraction (Fig 4.2.1a) indicating that
nuclear fractions are enriched for nuclear proteins and RNAs.

Although zygotic transcription begins only after MZT, we do not know much about
RNA Pol Il expression levels and localisation in these early stages. After confirming
the quality of fractions, we tested the expression levels and localisation of RNA Pol
Il (Fig 4.2.1b). We found that RNA Pol Il was absent or present at low levels before
MZT (2hpf and 2.5hpf). However, following zygotic genome activation (4.3hpf and
6hpf) its levels increased and as expected there was higher enrichment of RNA Pol

Il in the nuclear fractions when compared to the cytosolic fractions (Fig 4.2.1b).
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Figure 4.2.1 Expression analysis of Ezh2, gapdh and RNA Pol Il proteins in
the fractions.

Western blots showing expression of markers in Nuclear and Cytosolic fractions of
zebrafish embryonic cells. a) Expression of Ezh2 and Gapdh protein in the fractions
from five (64-Cell, 256-Cell, 1000-Cell, Dome and Shield) stages of development
and unfertilised egg. b) Expression of RNA Pol Il protein in the fractions from five
stages of development along with the loading control (Gapdh).
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4.2.2 Further validation of nuclear and cytosolic fractions using

RNA markers

Both cytosolic and nuclear fractions at different stages of zebrafish development
were further validated by checking localisation of nuclear and cytosolic RNA
markers by PCR. Since there is no documented nuclear or cytosolic RNA markers
for early stages of development, we relied on detection of other RNA features. For
example, because splicing takes place in nucleus, presence of unspliced RNA
would serve as a good indicator of nuclear fraction. We used hnrnpa1 mRNA to test
this hypothesis. hnrnpa1 is an important gene for alternative splicing of pre-mRNAs
(Despic et al., 2017) and is, therefore, expected to be present ubiquitously
throughout development. Hence it will be anticipated that it is amongst one of the
first to be synthesised during zygotic genome activation. The PCRs for hnrnpa in
the nuclear fractions from different stages suggested the presence of an additional
higher band (~280bp) along with the predicted PCR product (180bp) in the stages
following ZGA (Fig 4.2.2a). We further sequenced the higher PCR band that we see
on the gel as it occurs only in the nuclear fraction. On aligning the sequence of the
additional PCR product onto the genome browser it mapped back to the regions in
the unprocessed transcript of hnrnpa1 RNA explaining why it is present only in the
nuclear fraction after transcription activation in the 1000-Cell stage. The control,
GAPDH mRNA, on the other hand, did not show much difference in the levels
between the cytosolic and nuclear fractions.

Additionally, we also investigated the RNA levels of the RBMS3-antisense ncRNA,
one of the antisense RNAs we had previously identified in CHAPTER 1, with respect
to its overlapping protein-coding gene (Rbms3) in the cytosolic and nuclear fractions

with development. We found that the levels of Rbms3 antisense ncRNA (533bp
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product) was predominantly nuclear before the MZT. The lower band (~400bp) for
Rbms3 antisense, visible in the cytosolic fraction, is the spliced RNA while the higher
band (533bp) observed in the nucleus is the unspliced antisense RNA (Fig 4.2.2).
In a similar fashion, the levels of the overlapping protein-coding transcript (201bp
product) was more enriched in the nucleus in the pre-MZT stages, and then switches
to be more cytosolic in the post-MZT stages (Fig 4.2.3b and c). We believe that the
switch in the levels of the protein-coding mRNA is due to the presence of two
different transcripts, one starting at the end of antisense and the other transcript

beginning at the TSS of antisense.

roms3_as_PCrpat [ I

C eelee 8|
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| ssssues

Figure 4.2.2 BLAT search result for Robms3 AS PCR product on the browser
The schematics above is a genome browser view of Rbms3 AS PCR product
(533bp, sequenced) observed in the nuclear fraction. We can see the sequence
covers the intron region in the antisense.
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Figure 4.2.3 RNA expression analysis of antisense — mRNA pairs.

PCRs showing cDNA levels of markers in the nuclear and cytosolic fractions of
zebrafish embryonic cells. a) cDNA levels of hrnapal (mRNA), the upper band
encircled in red is the unspliced mRNA while the lower band is the desired PCR
product. b) cDNA levels of Rbms3 antisense (non-coding RNA) in the fractions, the
upper bright band is strongly detected in the nucleus. c) cDNA levels of Rbms3
protein-coding mRNA in the fractions from different stages of development

128



4.2.3 Deep sequencing of nuclear and cytosolic fraction of

zebrafish development

Once the purity of cellular fractions from the five stages of development was
established i.e. two pre-MZT stages, 64 Cell and 256 Cell; MZT stage i.e 1000 Cell
stage; and two post-MZT stages, dome and shield, were deep sequenced using
lllumina’s next generation sequencing technology. A total of ~420 million reads,
each 200 nucleotides in length, were generated for each replicate (2x). For each
replicate, ~35-40 million reads were uniquely mapped to the Zv9 zebrafish genome
(Table 4.2.1).

Table 4.2.1 RNA-seq alignment summary
Showing the raw reads after quality control (trimming) and the uniquely mapped

reads for the above 5 stages in the nuclear and cytosolic fractions

64-Cell 40,109,064 36,430,406 90.8283624

256-Cell 44,723,452 38,076,187 85.136959

Nuclear 1000-Cell 38,770,159 35,447,369 91.4295167
Dome 58,894,287 48,407,288 82.1935207

Shield 49,410,255 40,372,982 81.709722

64-Cell 37,710,788 33,947,606 90.0209404

256-Cell 34,046,933 24,364,110 71.5603664

Cytosolic 1000-Cell 36,611,958 33,464,055 91.4019813
Dome 44,205,046 37,017,755 83.7410168

Shield 32,459,547 22,944,418 70.6861929
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4.2.3.1 The antisense in the negatively correlated group were found to be
more specifically localised through MZT than the positively
correlated category

One of our major objectives to carry out nuclear and cytosolic fractionation was to
determine the localization of the antisense characterized by our study on the Pauli
et al. RNA-seq data as this would help us in understanding how these antisense
ncRNAs regulate their overlapping protein-coding genes (Pauli et al., 2012). Studies
on yeast (Long et al., 1997) and flies (Johnstone and Lasko, 2001) protein-coding
genes showed very specific subcellular localisation of mMRNAs to be important in
development. Therefore, the specific subcellular localisation of antisense with
zebrafish embryogenesis might also be essential for its regulatory function. For this
analysis the antisense ncRNAs, in the negatively and positively correlated
categories, were divided based on whether they were nuclear or cytosolic antisense
across the five stages (Fig 4.2.4-4.2.5). To define an RNA as nuclear or cytosolic,
we used the log2 ratio of nuclear and cytosolic RNA levels (Nuclear/Cytosolic). An
RNA was categorised as nuclear, if the ratio was greater than 0.65 (1.5-fold
enrichment), and cytosolic, if it was less than -0.65 (1.5-fold enrichment). And
anything in between the ratios (0.65 and -0.65) was considered to be more or less
equally present in both cellular fractions. A similar analysis was done to observe the
distribution of overlapping protein-coding genes with zygotic genome activation (Fig
4.2.6).

Majority of the antisense belonging to the negatively correlated group were localised
stage specifically with a subset being more enriched in cytosol (purple) or nucleus

(red) post-MZT. The cytosolic antisense quite possibly suggests the importance of
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these antisense in post-transcriptional regulation of overlapping mRNAs while the
nuclear localised antisense observed after MZT implies their requirement during
transcription of the overlapping protein-coding genes. There were a few antisense
(purple) that showed cytosolic localisation in the 64-Cell stage and a few others that
become nuclear (red) in the 256-Cell stage. On the other hand, in the positively
correlated category the fraction of antisense showing specific localisation with
development was less. With majority of antisense being present in the nucleus
(orange and red) in the dome and the shield stages. This was an observation made
on plotting the average RNA levels for the antisense in the positively correlated
group in CHAPTER 3 (Fig 3.2.2). The antisense levels increased with zygotic

genome activation suggesting its transcription and therefore being nuclear localised.
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Figure 4.2.4 Localisation of antisense in the two categories.
The heatmap on the left shows the distribution of antisense in the negatively correlated group in the nuclear and cytosolic fraction
through development based on the logZ2 ratio. The colour key suggests the colour used for different log2 ratio values (blue for

cytosolic and red for nuclear). The heatmap on the right represents the distribution of antisense in positively correlated category in
the nuclear and cytosolic fraction.
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Figure 4.2.5 Localisation of antisense in the two categories.

The violin plot on the left shows the distribution of antisense in the negatively correlated group in the nuclear and cytosolic fraction
through development based on the logZ2 ratio (Y-axis). The colour key and the X-axis suggests the colour used for different stages
of development. The violin plot on the right represents the distribution of antisense in positively correlated category in the nuclear

and cytosolic fraction.
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Figure 4.2.6 Localisation of overlapping protein-coding in the two categories.
The violin plot on the left shows the distribution of mRNAs in negatively correlated group in the nuclear and cytosolic fraction

through development based on the log?2 ratio (Y-axis). The colour keyand the X-axis suggests the colour used for different stages
of development. The violin plot on the right represents the distribution of mMRNAs in positively correlated category in the nuclear

and cytosolic fraction.
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4.2.3.2 Maternal RNA dynamics and their cellular localization

It is expected that maternal RNAs are deposited mainly in cytoplasm and their levels
drop as zygotic transcription is initiated. Before zygotic genome activation, the
growth of the embryo is completely dependent on housekeeping functions of
maternal RNAs. The maternal RNAs, being mostly housekeeping, are required to
be replaced by same RNAs transcribed from zygotic genome. Therefore, the
anticipation would be that after zygotic transcription initiates the levels of
housekeeping RNAs in nuclear fractions will go up. We examined the RNA-seq
data from nuclear and cytosolic fractions to verify these changes in maternal RNAs
(Fig 4.2.7). RNA levels of predicted 1719 maternal genes (Harvey et al., 2013) was
studied. To define an RNA as nuclear or cytosolic, we used the log2 ratio of nuclear
and cytosolic RNA levels (Nuclear/Cytosolic) as explained in the previous section
(section 4.2.3.1) but combined the cytosolic and both categories.

As expected, majority of maternal RNAs (99%) are cytosolic in the early stages. The
percentage of cytosolic RNAs decreased (92%) at 3hpf where zygotic genome
activation normally takes place (Fig 4.2.7). In contrast, the percentage of maternal
RNAs in nuclear fraction considerably increased upon activation of zygotic

transcription (from 0.95% to ~18%).
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Figure 4.2.7 Localisation of maternal RNAs with MZT.

A line plot showing the levels of cytosolic maternal genes in green (represented by
right-hand Y-axis) and nuclear maternal genes in red (represented by left-hand Y-
axis). The X-axis shows the stages of development. The percentage was calculated
as the number of genes which were either cytosolic or nuclear, based on the log2
ratio, divided by the total number of genes.
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4.2.3.3 mRNAs show distinct levels in the nuclear and cytosolic fractions
The cytosolic enrichment of maternal RNAs pre-MZT and the increase in the
percentage of nuclear RNAs post-MZT supports that our RNA-seq data and cellular
fractions reflect known MZT related behaviour of maternal RNAs. To investigate if
other mRNAs show dynamics similar to maternal RNAs, analysis was carried out to
study distribution of coding mRNAs with zebrafish development. This would give us
an additional knowledge about the types of RNA that are present pre-MZT
(maternal) and post-MZT (mostly zygotic).

On plotting the percentage of MRNAs which were nuclear or cytosolic, based on the
log? ratio, with the different stages of development (Fig 4.2.8), we found that the
majority (95%) of mMRNAs were cytosolic during the early stages suggesting they
were maternal RNAs. Similar to maternal RNAs, with time a decrease in the
percentage of cytosolic mMRNAs (65%) can be observed. This decrease could be
due to the degradation of majority of maternal RNAs both during MZT and post-
MZT. Also, as seen in case of known maternal RNAs (Fig 4.2.7) the percentage of
nuclear mRNAs increased (by 30%) most likely contributed by zygotic transcription

due to zygotic genome activation.
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Figure 4.2.8 Localisation of mRNAs with MZT

Line plot showing the percentage of mRNA that are nuclear or cytosolic with
development. Right-hand Y-axis denotes percentage of cytosolic mRNAs while left
hand Y-axis represents percentage of nuclear mRNAs. X-axis shows stages of
development. The percentage was calculated as the number of genes which were
either cytosolic or nuclear, based on the log2 ratio, divided by the total number of
genes. There is a decrease in the percentage of cytosolic mRNA from 95% to 65%

by the shield stage while an increase from 5% to almost 35% in the nuclear mRNA
levels.
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4.2.3.4 Changes in the distribution of RNA-seq reads across the maternal
and zygotic TSSs during development

The read distribution across individual RNAs in nuclear fraction before and after
zygotic genome activation was also plotted in the form of a heatmap. This can give
a good idea about changes in transcriptional and RNA levels during early embryonic
development. Nuclear and cytosolic reads were mapped and centered on
transcriptional start site of previously identified maternal (1719) and zygotic genes
(257) (Harvey et al., 2013).

The heatmap showed that nuclear read density at maternal TSS (Fig 4.2.9)
decreased with progress in developmental stages. The shield stage showed much
fewer reads at the TSS with an increase in downstream reads possibly indicating
transcription (ZGA). In comparison, in the cytosolic fraction (Fig 4.2.10), the reads
were highly abundant (intensity greater than 140) but showed a similar pattern of
distribution. However, the shield stage revealed fewer reads overall suggesting
maternal RNA degradation which was also observed in Fig 4.2.10. On the other
hand, the zygotic RNAs are not expressed in the early stages (64-cell, 256-cell and
1000-cell), barely any RNA-seq reads were observed in the nuclear fractions.
However, in the later developmental stages (dome and shield) reads were observed
downstream of the zygotic TSS suggesting their transcriptional activation. In the
cytosolic fraction we see a similar pattern of reads distribution downstream and at

TSS for zygotic genes with MZT.
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Figure 4.2.9 RNA-seq read distribution at the TSS in the nuclear fraction.

The heatmap shows the distribution of reads across the maternal (on the left, teal) and zygotic TSS (on the right, magenta) during
zebrafish development. Each panel in the heatmap represents a developmental stage and the width is -4kb on the left to +4kb on
the right with the TSS in the centre (X-axis). The y-axis represents all the maternal and zygotic RNAs and the z-axis is the intensity
of the read (0-20).
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Figure 4.2.10 RNA-seq read distribution at the TSS in the cytosolic fraction.

The heatmap shows the distribution of reads across the maternal (on the left, teal) and zygotic TSS (on the right, magenta) during
zebrafish development. Each panel in the heatmap represents a developmental stage and the width is -4kb on the left to +4kb on
the right with the TSS in the centre (X-axis). The y-axis represents all the maternal and zygotic RNAs and the z-axis is the intensity
of the read (0-140).
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4.2.3.5 Zygotic introns showed presence of reads in the nuclear fraction
with zygotic genome activation

Studies suggest that maternally deposited RNAs are post-transcriptionally
processed mRNA products or spliced with a lot of them (50-60%) showing splice
variant (Aanes et al., 2011). Given there is no or very low level of RNA synthesis
before the zygotic genome activation (at 3hpf) we should see little or no intronic
reads. Another advantage of investigating intronic reads in the nucleus in genes
during embryogenesis is that it would be useful in detecting early zygotic
transcription, if any, and also in validating that our fractions are clean. We mapped
both nuclear and cytosolic reads to the annotated introns of maternal and zygotic
RNAs.

As expected, the maternal introns in both the fractions showed a complete lack of
reads in all the five stages considered (Fig 4.2.11). The intron-exon junction,
however, showed presence of reads suggesting the presence of spliced maternal
RNAs. The reads also showed an increase in the dome stage in the nuclear fraction,
absent in cytosolic fraction, possibly implying their expression with genome
activation. The zygotic introns also did not show any enrichment for reads in both
the nuclear and cytosolic fractions pre-MZT (Fig 4.2.12). However, we did see the
presence of reads at the introns post-MZT (dome and Shield) with an increase in
expression. The results are also a reflection of the quality of our cytosolic and

nuclear fractions.
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Figure 4.2.11 RNA-seq read distribution across the maternal introns.

The heatmap shows the distribution of reads across the maternal introns in the cytosolic (on the left) and nuclear fraction (on the
right) during zebrafish development. Each panel in the heatmap represents a developmental stage and the width is £4kb from the
intron (TSS to TES) represented by the schematics in the centre (X-axis). The y-axis represents all the maternal introns and the z-
axis is the intensity of the read (0-300).
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Figure 4.2.12 RNA-seq read distribution across the zygotic introns.

The heatmap shows the distribution of reads across the zygotic introns in the cytosolic (on the left) and nuclear fraction (on the
right) during zebrafish development. Each panel in the heatmap represents a developmental stage and the width is +4kb from the
intron (TSS to TES) represented by the schematics in the centre (X-axis). The y-axis represents all the zygotic introns and the z-
axis is the intensity of the read (0-120).
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4.2.3.6 NcRNAs are more enriched in the cytosol but become nuclear with
zygotic genome activation (or MZT)

It will be interesting to see if non-coding RNAs show similar patterns of localisation
as in case of coding RNAs. Non-coding RNAs are known to be associated with
transcription or post-transcription regulation of gene expression and are expected
to be mostly localized in the nucleus (Djebali et al., 2012). Localisation of ncRNAs,
both small and long, in RNA-seq data was analysed and their expression pattern
was checked during maternal-to-zygotic transition (Fig 4.2.13). Similar to mRNAs,
in early stages, ncRNAs are more enriched in the cytosol (59%) as compared to
only 21% in the nucleus, suggestive of being maternally deposited. However, with
the maternal-to-zygotic transition and subsequent transcription activation, ncRNAs
eventually become much more localized in the nucleus (74%) in comparison to
mMRNAs (13%).

This pattern was further represented using a heatmap of all ncRNAs (RNA levels
above 1 TPM) in the nuclear and cytosolic fractions (APPENDIX, Fig 2). The
analysis also revealed the stage specificity of these ncRNAs. Both, mRNA and
ncRNA levels in the nucleus, increased more than two-fold during the course of
development contributed by zygotic transcription activation. During all stages, it can
be seen that the nuclear ncRNA levels are higher as compared to the mRNA levels
(Fig 4.2.14). In contrast, the cytosolic fraction shows higher level of mRNAs relative
to ncRNA. Levels of cytosolic RNAs, ncRNA as well as mRNAs, decreased with
maternal-to-zygotic transition most likely due to active degradation. Interestingly,
however, cytosolic ncRNAs showed a much rapid decrease following maternal-to-

zygotic transition as compared to mRNAs.
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Figure 4.2.13 NcRNA localization with MZT

Non-coding RNA localisation. It shows the distribution of ncRNAs in the nuclear and
cytosolic compartments during zebrafish embryogenesis. The red colour means the
RNAs are nuclear, green means they are cytosolic, and orange means they are
distributed equally in both the fractions.
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Figure 4.2.14 Comparison between ncRNA and mRNA

Bar plot comparison between mRNAs and ncRNAs levels in the two fractions. X-

axis shows the percentage of nuclear and cytosolic ncRNAs (cytosolic + both) and

mRNA levels while the Y-axis represents the stages of development. red bars

represent nuclear ncRNA, green for cytosolic ncRNA, yellow for nuclear mRNA and

blue shows cytosolic mMRNA.

4.2.3.6.1 Distribution of reads across the TSS of ncRNAs in the nuclear
fraction shows a more intense bidirectional pattern in the later
stages

From the previous sections we have seen how with embryonic development the

localisation as well as expression of both coding and non-coding RNAs change.

Now observing the distribution of reads upstream and downstream across the TSS

for these coding and non-coding regions could give us a general idea of the

transcription dynamics that are occurring. Reads from the nuclear fraction for the

different stages of development, were mapped and centered at the TSS of all

annotated mMRNAs and ncRNAs (Fig 4.2.15).
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On analysing the coverage of reads across the TSS for the mRNAs we found that
they show more reads downstream of TSS, in the direction of transcription after the
activation of zygotic genome (Dome and Shield). This is what we had observed in
the previous section and was expected with newer transcripts being synthesised. In
contrast, the distribution of reads across the TSS of ncRNAs shows a bidirectional
pattern as we see a lot of reads both upstream and downstream which becomes
prominent with maternal zygotic transition. This could be due to the presence of an
adjacent transcription start site upstream or downstream of the non-coding RNAs

TSS.
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Figure 4.2.15 Nuclear RNA-seq read distribution at the TSS of ncRNAs and mRNAs

Read distribution across TSS. Heatmap showing read coverage across the TSS of both mRNA (on the leff) and nhcRNA (on the
right). Each panel in the heatmap represents a developmental stage and the width is +4kb from the TSS in the centre (X-axis). The
y-axis represents all the ncRNA and mRNAs and the z-axis is the intensity of the reads (0-50).
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4.2.3.6.2 Our dataset detects ncRNAs with two to three-fold higher depth
than a previous zebrafish RNA-seq data
To estimate the quality and coverage of our fractionation data in detecting ncRNAs,
particularly, we compared the expression of ncRNAs detected in both the nuclear
and cytosolic fraction to total RNA-seq data (Pauli et al., 2012).
Compared to the study (Pauli et al., 2012) both of our fractions detect early stage
NcRNAs with a significantly higher depth (Fig 4.2.16-4.2.18). This is due to the
nuclear enrichment that we carried out for this study and also because our study
includes sequencing for both polyA+ and polyA- RNAs. Moreover, in our study we
identified several unspliced RNAs in the nuclear fraction after zygotic genome
activation (Dome and Shield) which is either absent or very lowly detected in the
Pauli et al. study (Pauli et al., 2012). Therefore, our dataset is highly comprehensive
in detecting both early stage ncRNAs (64-Cell) and unspliced ncRNAs that are
transcribed prior to MZT.
The examples highlighted below showed a higher coverage of reads for ncRNAs in
all the stages considered when compared to the Pauli et al. RNA-seq (Pauli et al.,
2012). The si:dkey-81p22.11 antisense to Hoxc3a, Hoxc4a, Hoxcb5a and Hoxc6a
genes, essential in embryonic development, showed a three-fold higher coverage
in our dataset (Fig 4.2.17). Our dataset also detected a higher coverage for a
protein-coding gene, mafbb (Fig 4.2.16), in the early stages and to some extent the

stages after MZT (Shield).
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Figure 4.2.16 Genome browser view of RNA-seq coverage across adnpa
antisense.

The expression profile in red represents our data (nuclear, N2 and cytosolic, C2)
and in orange is the RNA-seq coverage for Pauli et al. (Pauli et al., 2012) for
comparable stages. The adnpa antisense ncRNA gene (minus strand) shows a
higher presence of reads (red) in all the stages when compared to Pauli et al. RNA-
seq [108].
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Figure 4.2.17 Genome browser view of RNA-seq coverage across si:dkey-

81p22.11.

The expression profile in red represents our data (nuclear, N2 and cytosolic, C2)
and in orange is the RNA-seq coverage for Pauli et al. (Pauli et al., 2012) for
comparable stages. The si:dkey-81p22.11 antisense ncRNA gene (minus strand)
shows a higher presence of reads (red) in all the stages when compared to Pauli et

al. RNA-seq (Pauli et al., 2012).
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Figure 4.2.18 Genome browser view of RNA-seq coverage across si:dkey-
81j5.4.

The expression profile in red represents our data (nuclear, N2 and cytosolic, C2)
and in orange is the RNA-seq coverage for Pauli et al. for comparable stages (Pauli
et al., 2012). The si:dkey-81j5.4 antisense ncRNA gene (minus strand) shows a
higher presence of reads (red) in all the stages when compared to Pauli et al. RNA-
seq (Pauli et al., 2012).
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4.2.3.6.3 Majority of the nuclear ncRNAs in the early stage were either
lincRNAs or antisense ncRNA category

Several examples show that long and short ncRNAs are involved in regulation of
gene expression. Long ncRNAs such as lincRNAs and antisense RNAs have been
shown to be involved in the regulation of neighbouring or overlapping protein-coding
gene expression (in cis) or genes elsewhere on the chromosome (in frans) (Pauli et
al., 2011). miRNAs, on the other hand, processed by Dicer complex and transported
to the complimentary RNA, through binding with argonaute proteins, leads to
degradation of the complimentary RNA and thus, silencing of gene expression
(Pauli et al., 2011). On the other hand, snoRNAs and snRNAs have been shown to
be important in gene activation via their association with the open chromatin
structure (Matera et al., 2007). To understand the regulation of early developmental
events, it is therefore necessary to understand what types of ncRNAs are abundant
in the stages before and after zygotic genome activation (MZT). We first
investigated the types of small ncRNAs (miRNA, snRNA and snoRNA) and long
ncRNAs (lincRNA, antisense) that are present during early cytosolic and nuclear
compartments. Study on human cell lines have suggested that miRNAs are
predominantly present in the cytosol, snoRNAs in the nucleus and snRNAs seemed
to equally present in both the fractions (Djebali et al., 2012). However, studying
dynamic ncRNAs during development especially through maternal-to-zygotic
transition could give us insight into functions of these essential n\cCRNAs in regulating
development.

All the ncRNAs with levels greater than 10 TPM (transcript per million) were

classified according to their type and were analysed during the 5 stages of
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development (Fig 4.2.19). The most predominant forms of ncRNAs in nuclear
fractions was, lincRNAs and antisense ncRNAs. This was especially true for early
pre-MZT stages (64c cell and 256 cell) This could be due to the role of IncRNAs in
post-transcriptional regulation of gene expression. They might be deposited
maternally to control the early stages of development prior to ZGA. While small
nuclear RNAs (snRNAs) and miRNAs are the predominantly ncRNA class enriched
in the nuclear fraction of the dome and shield stages. This can be explained by the
fact that transcription of miRNAs is induced post-MZT as they are needed for
clearance of maternal RNAs. Also, the role of snRNAs has been very well
established in alternative splicing making their transcription a priority owing to their

function in post-transcriptional processing.
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Figure 4.2.19 Nuclear localisation of all ncRNAs.

The bar chart above shows the distribution of the different types of ncRNAs in the
nuclear fraction with zebrafish development. The X-axis represents the stages of
development considered and the Y-axis shows the number of ncRNAs detected
(TPM >1). The red shows the number of sSnRNAs, yellow is for snoRNAs, grey for
miRNAs, orange for lincRNAs and green for antisense.

156



In addition to the type of ncRNAs, abundance of ncRNAs was also studied. For
simplicity, two stages of development, one pre-MZT (64-Cell) and a post-MZT stage
(Shield), were studied. ncRNAs with levels greater than or equal to 1000 TPMs were
considered for this analysis. This analysis not only reflected how types of ncRNAs
vary before and after MZT but also showed that their localization in cytosolic and
nuclear compartment is quite distinct.

Investigation of the classes of RNAs in the two stages showed that antisense
NcRNAs are the most abundant RNAs in the 64 Cell cytosolic fraction whilst in the
nuclear fraction it is the lincRNAs that had much higher levels compared to other
types of ncRNA (Fig 4.2.20). On the contrary, in the shield stage or post-MZT, the
small nuclear RNAs (snRNAs) are the highly expressed ncRNAs in both the nuclear
and cytosolic fractions with TPMs greater than 5000. The change in ncRNA
repertoire between the two stages was also very striking. The lincRNA levels (light
green) in the nucleus dropped dramatically from before MZT to post MZT while the
antisense levels (red) remained almost same with MZT. The number of high
expressing miRNAs (blue pre-MZT and dark green post-MZT) in the nucleus
increased post-MZT. The snoRNAs levels also increased in the nuclear fraction with
zygotic genome activation (purple pre-MZT and blue post-MZT). We did not detect
any snRNAs (above 1000 TPM) pre-MZT but they were highly abundant in both

fractions post-MZT (in purple).
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Figure 4.2.20 ncRNA levels in the nuclear and cytosolic fraction

RNA levels of ncRNAs. The plot shows the highly abundant RNAs in the 64-cell
nuclear and cytosolic fraction and the shield nuclear and cytosolic fractions. The X-
axis represents the fractions (nuclear on left and cytosolic on right) and the Y-axis
shows the RNA levels, minimum 1000 TPM and max. going up to 10,000 TPM.
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4.2.3.6.4 Analysis of all the nuclear and cytosolic antisense present across
the five stages showed time and space dependent expression

Analysis of RNA-seq data showed that antisense RNAs form the highly abundant
ncRNA class in the 64-cell cytosolic fraction (Fig 4.2.20), therefore, it can be
hypothesized that the majority of these antisense RNAs must be amongst the
maternally deposited RNAs. As one of the aims of this thesis was to identify and
analyse antisense ncRNAs during the early stages of zebrafish development, this
class of ncRNAs was investigated in detail. Antisense ncRNAs were divided
according to their predominance in nuclear (log2 (Nuclear/Cytosolic) > 0.65) and
cytosolic (log2 (Nuclear/Cytosolic) < -0.65) fraction across the five stages. The
number of nuclear enriched antisense ncRNAs increase as development
progressed (21 antisense in 64-Cell, 44 in 256-Cell, 48 in 1000-Cell, 142 in Dome
and 196 in shield stage). In contrast, the number of cytosolic antisense ncRNAs
decreased as development progressed. The number of cytosolic antisense ncRNAs
found were 123 in 64-Cell, 64 in 256-Cell, 79 in 1000-Cell, 28 in Dome and 38 in the
shield stage. Next the expression of both the nuclear and cytosolic antisense in the
five stages was compared with their overlapping protein-coding partner genes.

The nuclear antisense in the 64-Cell stage were abundant with RNA levels greater
than 60 TPM, however, their levels decreased (1000 Cell) and then increased again
post zygotic genome activation (Dome and Shield) (Fig 4.2.21). The pattern
observed is more indicative of both maternal and zygotic contribution for the nuclear
antisense. The comparison of RNA levels between the cytosolic antisense and its
overlapping mRNA showed anti-correlation with the cytosolic antisense being

present in abundance in the early stages and then eventually lost in the shield (Fig
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4.2.22). Thus, suggesting that majority of the cytosolic antisense are maternally
deposited which are degraded with zygotic genome activation. The corresponding
mMRNAs, on the other hand, were either lowly expressed or absent in the stages.
On comparison, the RNA expression pattern observed for cytosolic and nuclear
antisense resembles the manner that the antisense in the negatively and positively
correlated group (discussed in CHAPTER 4) express, respectively.

We further plotted these results using a violin plot for the expression of nuclear and
cytosolic antisense (APPENDIX, Fig 3). We observed that the levels of nuclear
antisense is higher in the 64-Cell stage (median of 75TPM) which then decreased
by 1000-Cell stage but increased again in the shield stage. Thus, representing the
results using a heatmap. The cytosolic antisense, on the other hand, showed the
highest RNA levels in the 64-Cell (median of 75TPM, with majority of them being

100TPM) and then decreased in the shield stage (median of 25TPM) with MZT.
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Figure 4.2.21 Nuclear antisense — mRNA pair RNA levels in the different stages of development.

heatmap showing the expression of nuclear antisense with respect to their overlapping mRNA genes in the nuclear fraction during
embryogenesis. The colour key indicates the RNA levels with red being low or not present (0-20) and blue being maximum levels
(60-100). Each row represents an antisense and its corresponding mRNA expression in the stages.
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Figure 4.2.22 Cytosolic antisense — mRNA pair RNA levels in the different stages of development.
Heatmap showing the expression of cytosolic antisense with respect to their overlapping mRNA genes in the cytosolic fraction
during embryogenesis. The colour key indicates the RNA levels with red being low or not present (0-20) and blue being maximum
levels (60-100). Each row represents an antisense and its corresponding mRNA expression in the stages.
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4.2.3.6.5 The average overlap region between the cytosolic antisense and
their overlapping mRNA gene was comparatively higher in all the
stages
To further investigate the extent of similarity between the nuclear and cytosolic
antisense category with the class of antisense characterised (negatively and
positively correlated) in the previous chapter, we calculated the overlap region
amongst the two antisense ncRNA gene with their corresponding mRNA gene (Fig
4.2.23).
In general, all the cytosolic antisense had a higher overlap region with their protein-
coding gene when compared to the nuclear antisense. The cytosolic antisense in
the 1000-Cell stage showed the highest overlap region of ~17kbp. The overlap
region between the cytosolic antisense and their mMRNA genes showed an increase
at MZT (~16kbp) but then decreased post-MZT (~10kbp) followed by a decrease in
the number of antisense by the shield stage (Fig 4.2.23). The nuclear antisense in
the shield stage, however, showed an overlap region of 12.5kbp which is the highest
for nuclear antisense with an increase in the number of antisense (196) detected for
this stage. On comparison the results hints towards the similarity between the
antisense identified based on the expression correlation, negatively and positively
correlated antisense (CHAPTER 3, Fig 3.2.9) and the antisense identified in the

different subcellular compartment of the cell in this chapter.
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Figure 4.2.23 Average Overlap region.

The bar plot above shows the average overlap region between the cytosolic (blue)
or nuclear (red) antisense and their overlapping protein-coding genes. The X-axis
represents the overlap region in bp while the Y-axis shows the stages of
development.
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4.2.3.6.6 Majority of cytosolic antisense ncRNAs were found to be unique in
the 64-Cell stage whereas most of the nuclear antisense were
exclusive to the shield stage
Another pertinent question is whether the cellular localisation of antisense ncRNAs
changes as development progresses. To address this question, nuclear and
cytosolic RNA levels were used to identify the antisense ncRNAs that are either
localised in nuclear or cytosolic compartments in the five developmental stages.
This helped in understanding how antisense RNAs dynamics change in a time and
space dependent manner (Fig 4.2.24).
64 antisense RNAs were exclusively identified in the 64-cell stage in both fractions.
A large number (56) of these RNAs were cytosolic and only 8 were localised in the
nucleus. The cytosolic localisation of pre-MZT antisense RNAs suggest maternal
inheritance as there is no transcription going on at this stage. Whereas about 92
nuclear antisense were alone detected in the shield stage, proposing zygotic
contribution after activation of zygotic genome (Fig 4.2.24). The high number of
unique nuclear antisense and cytosolic antisense observed in the shield and 64-Cell
stages, respectively, shows the spatial and temporal specificity of antisense
expression.
We further looked at the gene ontology terms associated with the protein-coding
genes overlapping the unique cytosolic antisense in the 64-Cell stage (56) and the

mutually exclusive nuclear antisense in the shield stage (92) (APPENDIX, Fig 4).

165



100

[«2]
o

90 A

[4)]
o

80 1

70 A

S
o

60 |
50 |
40 |

N
o

30 1

number of overlapping genes
number of overlapping genes
w
o

20 1

-
o

10

0 |
1234567 8 91011121314151617 1819202122 23 24 25 26 27 123456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25

=, v = B

Figure 4.2.24 Antisense ncRNAs expressing in a space and time dependent manner.

The figure shows an overlap amongst the antisense present in the five stages (64Cell, 256Cell, 1000Cell, Dome and Shield) of
development in the nuclear fraction (left) and the cytosolic fraction (right). Each bar on the plot represents the number of common
or unique antisense (mentioned above the bar). The interactions shown between the dots indicates the stages that have common
antisense and dots with no interaction suggest unique antisense (using UpSet visualisation).
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4.2.3.6.7 Gene Ontology (GO) terms associated with the overlapping protein-
coding gene in the 64-cell stage showed enrichment in
developmental proteins

Antisense RNAs are known to regulate their expression of overlapping protein-
coding genes (Faghihi and Wahlestedt, 2009). However, which kind of genes are
regulated by antisense is not understood. To address this the functional categories
of protein-coding genes overlapping cytosolic and nuclear antisense RNAs was
analysed (Fig 4.2.25-4.2.26) using DAVID or Database for Annotation, Visualisation
and Integrated Discovery tools (Huang da et al., 2009a, Huang da et al., 2009b).
The 123 protein-coding genes overlapping the cytosolic antisense in the 64-cell
stage (Fig 4.2.25) showed a significant enrichment in transcription factor activity (p-
value, 10°'3), regulation of transcription (p-value, 107'%) and regulation of RNA
metabolic process (p-value, 10'?). The functions associated with protein-coding
genes overlapping cytosolic antisense in the subsequent stages (256-Cell, 1000-
Cell and Dome) remained same, albeit less significantly than 64-cell stage.
However, in the shield stage we again observed a significant increase in the terms
associated with transcription factor activity (10-'4) and regulation of transcription (10-
12),

The protein-coding genes overlapping nuclear antisense RNAs (Fig 4.2.26) showed
enrichment for housekeeping genes phosphorous metabolic process (p-value, 10-?)
and protein kinase activity (with p-value, 10-'®) in the 64-Cell and 1000-Cell stages.
However, in the later stages like Dome and Shield we saw an enrichment for
functions associated with transcription regulation (with p-value ranging from 10"

to 10°3).
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This differences in the functions of genes overlapping cytosolic vs nuclear antisense
RNAs suggests that antisense RNAs might use different regulatory pathways

depending on the functions of genes.
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Figure 4.2.25 Gene ontology terms associated with mRNAs overlapping cytosolic antisense

The schematics shos the Gene Ontology terms associated with the protein-coding genes overlapping the cytosolic antisense in
the 64-cell, 256-Cell, 1000-Cell, Dome and shield stages of development. The y-axis represents the different GO terms associated
with the genes and the X-axis shows the negative log of p-value, the higher the number the more significant the term associated

with the gene.
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Figure 4.2.26 Gene ontology terms associated with mRNAs overlapping nuclear antisense

The schematics shows the Gene Ontology terms associated with different protein-coding genes overlapping the nuclear antisense
in five stages of development. The y-axis represents the different GO terms associated with the genes and the X-axis shows the
negative log of p-value, the higher the number the more significant the term associated with the gene.
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4.3 Discussion

The aim of this study was to examine the cellular localisation of RNAs through
maternal-to-zygotic transition during zebrafish development. We successfully
fractionated the nucleus and cytosol from zebrafish embryonic cells at different
stages of development (Fig 4.2.1). We established that our RNA-seq detects early
stage ncRNAs with a higher depth (2-3 times) and quality (Fig 4.2.16 -4.2.18) than
a previous study by Pauli et al. (Pauli et al., 2012). In addition, our nuclear fractions
showed presence of unspliced or heterogenous transcripts with zygotic genome
activation, thus, detecting early zygotic transcription.

The percentage of nuclear maternal RNA increased post-MZT suggesting zygotic
contribution for these maternal RNAs because of their importance later in
development (Fig 4.2.7). A similar set of analysis on mRNAs (Fig 4.2.8) also showed
a rapid degradation of cytosolic MRNAS, suggesting maternal deposition and a rapid
increase in the nuclear mRNA levels with ZGA proposing zygotic RNA expression
(similar to (White et al., 2017)). In the analysis of the distribution of nuclear reads
across the TSS of maternal and zygotic RNAs suggests an increase in the
abundance of both maternal and zygotic RNAs after the ZGA (Fig 4.2.9-4.2.10). This
is in accordance to what have been observed previously for maternal and zygotic
RNAs (Mathavan et al., 2005). We did not observe any reads for the introns of
maternal RNAs, both pre-MZT and post-MZT. However, we do see coverage for the
introns of zygotic RNAs after maternal-to-zygotic transition suggesting their

transcription.
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Non-coding RNA dynamics. ncRNAs were found to be more enriched in the
cytosol (maternally deposited) in the early stages of development but as zygotic
transcription starts, they became more localized in the nucleus, with their
percentage being much higher than nuclear mRNAs (Fig 4.2.13 — 4.2.14). The
higher abundance of lincRNAs and antisense RNAs (Fig 4.2.20) both in terms of
number and transcript levels in 64-cell stage indicates the importance of them in
early zebrafish development, probably in the regulation of neighbouring protein-
coding gene (Derrien et al., 2012). The higher abundance of snRNAs later on in
development is expected owing to the importance of these ncRNAs in splicing the
newly transcribed zygotic RNAs (Matera et al., 2007). Further analysis of the
expression pattern of the antisense and overlapping mRNA genes in the two
subcellular compartments showed pattern similar to the antisense class
characterised (negatively and positively correlated) in the previous chapter. Majority
of the cytosolic antisense in all the stages behave like maternally deposited RNAs
while the nuclear antisense showed patterns of both maternal and zygotic
contribution (Fig 4.2.21 — 4.2.22). The results from the GO analysis (Fig 4.2.25)
showed the importance of maternal antisense as majority of them overlap protein-
coding genes involved in development or transcription regulation. It has been
previously observed in both mouse and human ESCs that divergent IncRNAs tends
to be associated with protein-coding genes essential in transcription or development
(Luo et al., 2016). Therefore, the maternal antisense ncRNAs identified in our study
might be essential in keeping in check the expression of these important

developmental genes.
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Our nuclear RNA-seq data provides crucial information about the distribution of
major RNAs before and after MZT. The data also raise many questions as to the
function of 5% of MRNAs detected in the nucleus during the early stage when there
is no transcriptional activation. As dramatic changes occur in the localisation of
RNAs at each time course it also stresses further on the importance of these stages.
We also observe a very high abundance of maternally deposited antisense ncRNAs
in the cytosol overlapping major developmental genes and genes involved in
transcription regulation (Fig 4.2.25 — 4.2.26). This further validates the theory we
predicted in our previous chapter, a post-transcriptional mechanism of regulation of
MRNA expression by overlapping antisense which would further explain why we see
a higher overlap region amongst the cytosolic antisense compared to the nuclear

antisense.
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CHAPTER 5: IDENTIFICATION OF DIFFERENTIAL TSS
USAGE AND PROMOTER ORGANISATION IN THE
NUCLEAR AND CYTOSOLIC FRACTION DURING

ZEBRAFISH EMBRYOGENESIS

5.1 Introduction

Transcription initiation is a very complex process which requires the presence of a
core promoter in proximity of the transcription start sites (TSS). This core promoter
helps in the recruitment of the general transcription factors (GTFs) which, in turn,
recruits RNA Pol Il to the TSS. Recent studies have shown the presence of
unconventional promoter usage, apart from TATA-box, in genes essential for
zebrafish development (Haberle et al., 2014). This diversity in the usage of
promoters may result in differential regulation of transcription in the context of
development. Cap Analysis of Gene Expression (CAGE) is a method for
transcriptome analysis about changes in TSS and its relative usage at single
nucleotide resolution (Kodzius et al., 2006). CAGE gives us the information for the
start sites of capped RNAs which in turn can be used as an indicator of promoter
organisation. Apart from the differential TSS usage, CAGE also gives evidence
about the expression or RNA levels of a gene. A recent study on zebrafish have
identified differential promoter usage as well as the presence of a novel initiator
sequence during development. The study showed the presence of several classes
of post-transcriptionally cleaved RNAs essential during development (Nepal et al.,

2013).
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In the previous chapter we analysed nuclear and cytosolic RNA-seq data to get
insight into the localization of protein-coding (maternal & zygotic) and non-coding
genes with zebrafish development. We wanted to further use this nuclear and
cytosolic fractions, from zebrafish embryonic cells, to help understand the
differences in TSS as well as promoter organisation with regard to RNA localisation
in cellular compartments and how it changes with development. Another objective
was to accurately annotate nuclear localised non-coding RNAs such as enhancer
RNAs by combining the nuclear RNA-seq and CAGE-seq datasets. We expected
that sequencing nuclear fraction will enrich these RNAs and make it easier to detect
them. In addition, sequencing of CAGE-tags in addition to RNA-seq data will help in
providing robust annotation of many lowly expressed RNAs as well as reaffirming

the results we obtained from RNA-seq.
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5.2 Results
5.2.1 Detection of capped transcripts in the nuclear fraction

across the zebrafish developmental stages

The conventional method used for 5’-cap analysis, also called cap trapping method
(Carninci et al., 1996), targets all capped mRNAs by chemical modification of the &’
end (cap) followed by its biotinylation and then a pulldown using streptavidin-coated
beads. We used a modified version of cap trapping called Low Quantity CAGE or
LQ-CAGE for our CAGE library preparation. This method allowed use of limited
quantities of RNAs as is generally obtained in early stages of development.
Therefore, more useful over the canonical cap trapping method. We prepared
libraries for 6 different stages of zebrafish development, 64 Cell, 256 Cell, 1000 Cell,
Dome, Shield and Prim5. In this chapter | will be discussing the results we got from
this LQ-CAGE sequencing. A total of ~211 million reads per replicate was generated
from Illumina sequencing out of which on an average ~8.5 million reads per stage

were mapped uniquely to the Zv9 genome (Table 5.2.1).
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Table 5.2.1 CAGE-seq alignment summary
Showing the raw tag count after quality control (timming) and the uniquely mapped

reads for the above 6 stages in the nuclear and cytosolic fractions.

. Uniquely % aligned
Fraction Stage Raw tags aligned tags
64 Cell 2,602,673 1,711,474 65.7583185
256 Cell 9,331,397 5,949,490 63.7577632
1000 Cell 11,901,032 7,053,997 59.2721455
Nuclear
Dome 10,462,935 6,612,202 63.1964358
Shield 17,301,622 11,250,967 65.0283944
Prim5 3,613,362 2,704,757 74.8543047
64 Cell 1,704,017 1,228,792 72.1114872
256 Cell 7,439,214 5,247,970 70.5446839
1000 Cell 22,639,185 15,369,134 67.8873113
Cytosolic
Dome 29,823,212 21,458,222 71.9514115
Shield 88,335,616 67,068,983 75.9251885
Prim5 6,577,256 4,764,835 72.4441165
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5.2.2 CAGE-seq dataset suggested a decrease in the correlation

among the fractions in the same stage after MZT

To get an idea about the relation of samples with one another vis-a-vis zebrafish
development, a correlation plot was generated. This would help us in understanding
how the fractions from the same stage correlate with each other as compared to the
other stages. Using CAGEr software, the expression of samples were compared to
each other using scatter plots of tag counts per TSS and extent of correlations
between all sample pairs was calculated with the help of correlation coefficient. We
observed (Fig 5.2.1) that initially the correlations between the nuclear and cytosolic
fractions from the same stage show high correlation (greater than 0.90). However,
after shield we see a decrease in the correlation coefficient suggesting differences
in the expression of transcripts or a more precise distribution of RNAs according to
their biological functions. This can also be due to the fact that later on in
development the transcripts are more stage specific and do not show any correlation
with the early expressing transcripts.

This is well reflected in both the fractions in the Prim5 (24hpf) showed very low
correlation coefficient (less than 0.5) with all the other fractions in the different

stages.
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Figure 5.2.1 Pearson correlation coefficient.
The lower triangle shows scatter plots among the different stages based on the
CAGE tag counts. The diagonal represents the names of different stages and
fractions. The numbers in the upper triangle denotes the correlation coefficient. The
red circles indicate the correlation between the fractions from the same stage. Both
the X-axis and Y-axis represent the 12 samples in the study (12 X 12 box).
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5.2.3 Normalization of tag counts and CTSS clustering into tag

clusters

Since the raw tag counts per sample vary in number in order to compare them, the
tag counts were normalized (Fig 2.7.1). With the help of CAGEr package, a reverse
cumulative distribution was plotted where number of CAGE TSSs (Y-axis) that have
equal or greater than the number of tags (X-axis). This further assists us in choosing
the appropriate parameters for normalization of dataset.

To estimate the promoter width, individual CAGE transcription start sites (CTSS), in
a close proximity, are clustered together. Neighbouring TSSs in close proximity to
each other are most likely associated with the same promoter element. Multiple
CAGE-seq tags that are within 20bp are clustered together into tag clusters (TCs).
For each cluster genomic coordinates, the number of CTSSs in the cluster and in
the dominant CTSS in tags per million (tpm) was noted. We further compared the
number of TCs detected in our study with a previous CAGE-seq study (Nepal et al.,
2013) on zebrafish development (Fig 5.2.2). The CAGE TCs detected in either the
nuclear or cytosolic fractions were higher than the TCs detected in Nepal et al. study
(Nepal et al., 2013) in all the stages. The number of TCs identified in our CAGE-seq
was more than three-fold higher than the Nepal, C CAGE-seq (Nepal et al., 2013)
in the stages after zygotic genome activation. We also looked for tag clusters distal
to mRNA TSS (2kb and 4kb) in our study suggesting the presence of enhancer

RNAs identified by nuclear CAGE. This has been further discussed in section 5.2.9.
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5.2.4 Differences in the distribution of CTSSs within a tag cluster

An example showing the differences observed in the TSS position from the nuclear
to cytosolic fraction across the stages is shown in Fig 5.2.3. It shows changes in the
distribution of CTSSs within a tag cluster at a particular gene as development
progresses. This example (Fig 5.2.3) clearly showed that the interquantile width or
the peak width as well as the position of the dominant TSS changes with progress
embryonic development. The shift in the position of dominant TSS in relation to RNA
localization was also obvious in the different fractions of the cell for all the six stages
of development. The nv/ gene considered here revealed variations in the promoter
width as well as TSS position in the nuclear and cytosolic fraction in the 64-Cell and
256-Cell stages, with the 0_2 CTSS cluster being dominant in the nuclear fraction.
However, the cytosolic fraction in the two stages showed very different arrangement
of promoter and TSS. Although the promoter width was similar within the fractions
in the same stage after zygotic genome activation, the position of the dominant TSS

varied.
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Number of tag Clusters detected

Stages Number of TCs Stages Nepal etal., 2013
Our CAGE-Seq CAGE-Seq TCs
Cell4 Nuc 57085 Cell 64 32380
Cyt 42942
Nuc 84965
Cell256 Cell 512 38010
© Cyt 84732 ©
Cell1000 Nuc 135317 High 33730
Cyt 152418
Dome Nuc 172692 Dome 34296
Cyt 195613
. Nuc 205429 .
Shield Shield 58545
Cyt 123589
Prim5 Nuc 195692 Primé 33522
Cyt 177396

Total TCs overlapping mRNA TSS

42040

TCs overlapping distsl (2kb)

36920

TCs overlapping distsl (4kb)

27217

Bidirectional TCs

79772

Bidirectional TCs distal (2kb)

12667

Figure 5.2.2 CAGE sequencing statistics.

a) The table above outlines the number of CAGE TCs detected in our CAGE

compared to a previously existing CAGE-seq dataset during zebrafish development
(Nepal et al., 2013). In cases where we could not find a matching stage we chose a
stage before or after. b) the table represents the number of tag clusters observed
overlapping mRNA TSS, 2kb and 4kb distal of mRNA TSS, bidirectional clusters (or
enhancers) and TCs 2kb distal to bidirectional clusters.
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Figure 5.2.3 Distribution of CTSSs within a tag cluster in nvl gene.

Individual peaks represent CTSSs clustered together into TCs based on the
distance (less than 20bp apart). The coloured lines above the peak tracks indicate
the interquantile width (qup -qiow) and also the position of the dominant TSS. The
interquantile width is an estimate of promoter width and represents a single

promoter element regulating multiple TCs.
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5.2.5 Promoter width increased after zygotic genome activation

Previous analysis of CAGE TSS distribution (Carninci et al., 2006) revealed the
presence of different types of promoters based on the cumulative distribution and
intensity of tag clusters. Broad promoters with dispersed TSS show presence of
several CTSSs distributed over a broad region and are usually associated with
developmentally regulated genes and a high GC content or CpG islands. On the
other hand, sharp promoters have majority of their CTSSs concentrated at one
dominant TSS and are usually associated with TATA-box motifs (Haberle et al.,
2015). Thus, promoter width is a useful feature in understanding the regulation of a
gene by its promoter. Interquantile width is used to estimate the promoter width and
is calculated by measuring the space between two quantiles of the total CAGE
signal (shown in Fig 2.7.2). To study the distribution of promoter width across the
six nuclear and cytosolic fractions with zebrafish development, interquantile width
for each stage was plotted (Fig 5.2.4-5.2.5). The width distribution showed that, prior
to MZT, promoters were sharper with no differences in the nuclear and cytosolic
fractions while during and after MZT i.e. in the 1000-Cell, Dome and Prim5 cytosolic
fraction the promoters were broader relative to the nuclear fraction. However, in the

Shield stage both nuclear and cytosolic fractions showed similar promoters.

184



Cell64_Nuc
©
g
0 -
o
v
8
€
=3
2
8 o
2o’
g 4
o k
o
0 50 100 150
tagClusters interquantile width q0.1-q0.9 (bp)
Cell256_Nuc
©
<}
L] -
o
> |
2o
£l
To
Eo
2
T
%o
g 4
o | Lk
o
0 50 100 150
tagClusters interquantile width g0.1-g0.9 (bp)
Cell1000_Nuc
©
2
w0 ]
o
>
2«
go
£o
2°
S
o
e
o k
I}

0 50 100 150
tagClusters interquantile width g0.1-g0.9 (bp)

relative frequency

relative frequency

relative frequency

Cell64_Cyt

0.6

0.5

0.4

0.3

0.2

0.1

| B

0 50 100 150
tagClusters interquantile width 0.1-g0.9 (bp)

0.0

0.3 0.4 0.5
s A J

0.2

0.1

0 50 100 150
tagClusters interquantile width q0.1-q0.9 (bp)
Cell1000_Cyt

['e]

A -

o

8

o

%]

]

=3

)

0

Q 4

o

8.

o T )
0 50 100 150

tagClusters interquantile width q0.1-q0.9 (bp)

Figure 5.2.4 Promoter width across the stages in the fractions.

Histograms showing promoter width in the nuclear and cytosolic fractions across
three stages of development (64Cell, 256Cell and 1000Cell). The X-axis represents
the interquantile width (q0.1 -q0.9) in bp and the Y-axis is the relative frequency of

CTSSs within 150bp of start sites of genes.
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Figure 5.2.5 Promoter width across the stages in the fractions (post-MZT).
Histograms showing promoter width in the nuclear and cytosolic fractions across
three stages of development (Dome, Shield and Prim5). The X-axis represents the
interquantile width (q0.1 -q0.9) in bp and the Y-axis is the relative frequency of
CTSSs within 150bp of start sites of genes.
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5.2.6 Expression profiles of CTSSs with zygotic genome

activation

CAGE can also be used to measure the expression from individual CTSS or
promoters. Expression profiling can be done either at the level of individual CTSSs
or on entire promoters. The former is done by considering CAGE signal at individual
CTSSs across the different stages while in the latter case CAGE signal from an
entire consensus cluster (promoter) is used. A consensus cluster is constructed by
aggregating all the overlapping TSSs and any neighbouring TSSs within defined
proximity of each other. Self-organising maps or SOMs were used to cluster
individual CTSSs across the different stages of development (shown in Fig 5.2.6).
The changes in the expression of CTSSs from the pre-MZT stages (64 Cell and 256
Cell) to the post-MZT stages (Dome, Shield and Prim5) was unique to each cluster.
Clusters 1. 1,2 2,4 1,4 2,4 3 and 4_4 showed difference in the nuclear and
cytosolic fractions within the same stage (post-MZT). Clusters 1_1 and 4_3 contains
CTSSs with different expression levels in the nuclear and cytosolic fractions across
all the six stages under study. However, the differences observed between the
fractions were only prominent after the 256-Cell stage, in other words with MZT. We
also observed CTSSs specific for maternal transcripts (0_4, 1_4 and 2_4), highest
expression before MZT, or zygotic CTSSs (4 0, 3_0 and 2_0) with higher
expression in the later stages. Clusters 0_0 and 1_0 peaked during the maternal-
to-zygotic transition while cluster 2_3 contained CTSSs expressing throughout.
These clusters can be visualized on the genome browser by colouring the CTSSs
according to the expression class they belong to (shown in Fig 5.2.7). The figure
showed a genome browser view of a gene, galnt2, with two distinct start sites from

the 64 Cell stage (pre-MZT) to the prim-5 stage (post-MZT) belonging to 4 different
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expression cluster. Further (Fig 5.2.7) showed an example of pprc1 gene having
TSSs belonging to 14 different expression clusters (coloured and labelled) but part

of the same promoter.

Maternal TSSs
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Figure 5.2.6 CTSSs Expression profiling with MZT.
Each box represents a different expression cluster and the figure denoted in bracket

above each box is the number of TSSs plotted. Each beanplot within a cluster
represents scaled normalized expression of CTSSs across the six stages in the
different fractions (total 12) as denoted in the X-axis.
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Figure 5.2.7 Genome browser view of expression profiles.

The galnt2 gene (left) shows a partial shift in the position of the TSS with each TSS belonging to a different cluster based on
expression levels. The pprc1 gene (right) shows the presence of 14 different expression clusters within the same promoter region.
The track above the CAGE expression in different stages is the track for CTSSs coloured by expression.
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5.2.7 Differential promoter usage detected by CAGE during

zebrafish embryonic development

During early embryogenesis of Zebrafish, until the tenth cell cycle, development of
the embryo is dependent on maternally provided RNAs and proteins. With the
activation of the zygotic genome, as transcription of zygotic RNAs is initiated,
majority of maternal RNAs undergo degradation. To understand the changes in the
usage of promoter between maternal RNAs and zygotic RNAs, ‘shifting” promoter
patterns were detected in our CAGE dataset. Although the overall expression levels
of a promoter may not change between the different stages, the usage of a different
TSS may suggest differences in regulation of transcription which cannot be detected
in expression profiling. Using CAGEr package, shifting score of promoters was
calculated by comparing the cumulative distribution of CAGE signal within a
consensus promoter among the different stages (highlighted in Fig 2.7.3). For
example, a shifting score of 0.6 indicates that 60% of the CAGE signal detected in
a stage is occurring outside the region that was used as TSS (within the same
promoter) in another stage. A shifting score of 0.6 was used to detect differential
TSS usage between the 64-Cell to 1000-Cell stage (Pre-MZT) and the 1000-Cell to
the Prim5 stage (Post-MZT).

On observing the genes on genome browser, there was a significant difference
between the promoter usage from 64-Cell to Prim5 stage (also shown in Fig 5.2.7).
A number of CTSSs revealed either a partial loss of a broad promoter (chchd1 gene)
with a single dominant TSS at the Prim-5 stage or a partial gain of a different
dominant TSS in the Prim5 stage (eif3s70 gene) (Fig 5.2.8a). We also found
differences in the usage of dominant TSS within the same promoter between the

nuclear and cytosolic fractions (frmt61a, mcph1, kif14, cuedc2, etc) which are further
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discussed in the next section 5.2.7.1. We observed a complete shift in TSS usage
(dag?1 gene) in the later stages of development (Prim5) with the transcript
expressing more than 2kb upstream of the annotated TSS (Fig 5.2.9). These shifts
in the TSS position with zygotic genome activation suggests the presence of
differences in promoter usage from maternal-to-zygotic transcripts. The
organisation of the promoter in the early stages reflects maternal inheritance. With
zygotic genome activation the appearance of broad promoters shows zygote
specific promoter organisation. The analysis also revealed the presence of
intragenic TSS, e.g., within the second intron of cpneb gene, instead of the
canonical promoter lying upstream of gene start site (Fig 5.2.9).

We also discovered different types of promoter usage before MZT (64-cell to 1000-
Cell stage) and after MZT (1000-Cell to Prim5 stage). A total of 8927 incidents of
shifting promoters was observed post-MZT and 3827 incidents of promoter shifting

before the zygotic genome activation.
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Figure 5.2.8 Differential promoter usage detected by CAGE-seq.

It shows on the left-hand side panel a partial gain of TSS within the same promoter region of eif3s70 gene.

panel shows a partial loss of TSS with narrowing of the promoter for chchd1 gene.
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Figure 5.2.9 Differential promoter usage detected by CAGE-seq.

The left-hand side panel shows an example of a gene (cpneb gene) with intragenic TSS starting at the second exon. On the right-
hand side we have dag? gene with a complete shift in the promoter region in the later stages of embryonic development.
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5.2.7.1 Differences in promoter width and position of dominant TSS between
the nuclear and cytosolic fractions among the stages.
The main purpose of this study, which distinguishes it from other CAGE-seq studies,
was in understanding promoter dynamics in the different subcellular compartments.
Hence, the next analysis was to focus on examples that show different promoter
organization and even differences in the transcripts that are expressed in the
nuclear and cytosolic fractions. We found genes (mett/16, med13b, mxi1, pkig) that
showed differences in promoter width, the position of the dominant TSS within the
same cluster, differences in the levels of the same transcript as well as the presence
of a different transcript between the nuclear and cytosolic fraction (Fig 5.2.10-
5.2.11). ENSEMBL predicts two different transcripts for the mett/16 gene our nuclear
CAGE detects expression for the longer isoform in the stages prior to MZT (Cell 64)
(Zerbino et al., 2018). An increase in promoter width with multiple CTSSs is
observed after MZT in both the fractions with higher expression levels in the
cytosolic fraction (Fig 5.2.10, left). CAGE detected an alternative TSS, 500bp
downstream of annotated TSS, for med13b gene (Fig 5.2.10, right) in the nuclear
fraction in the dome and shield stages. The occurrence of alternative promoters in
the two compartments of the cell with development suggests spatial and temporal
regulation of the same gene. mxi1 gene example shows the presence of two
different transcripts (ENSDARTO00000104751 and ENSDART00000059923) for the
same gene. On comparing the nuclear and cytosolic fractions the expression levels
of the two transcripts showed differences. CAGE revealed the presence of another
upstream TSS (> 1kb) for pkig gene with higher expression in the nuclear fraction

in the dome and shield stages (Fig 5.2.11).
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Figure 5.2.10 Differential TSS usage between the nuclear and cytosolic fractions.

mettl16 (left) and med13b (right) are examples of genes showing differences in TSS utilization between the fractions as well as

changes in promoter width indicated by the coloured expression profiles above each track.
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Figure 5.2.11 Differential TSS usage between the nuclear and cytosolic fractions.

mxi1 (left) and pkig (right) genes show differences in the levels of the different transcripts being expressed and a complete shifting
of promoter which is more prominent in the nuclear fraction, respectively.
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5.2.8 Distribution of CAGE-seq tags across the TSS of all ncRNAs

in the nuclear fraction shows a bidirectional pattern

During the nuclear RNA-seq analysis we observed differences in the distribution of
RNA reads at the TSS between the mRNA and ncRNA in the nuclear fractions.
CAGE tag distribution analysis, across the annotated TSS (upstream and
downstream of TSS) of ncRNAs and their comparison with TSS of mMRNAs was
carried out. Heatmaps of nuclear tags from different stages centered onto the
annotated TSS were plotted (Fig 5.2.12).

As expected, for mMRNAs, heatmaps showed that CAGE-seq tags mapped onto the
annotated TSS with an increase in CAGE-tag intensity. Since CAGE is also a
measure of expression of RNAs an increase in the transcript level with zygotic
genome activation was also observed for mMRNAs. For ncRNAs the intensity of the
CAGE-seq tags increased with MZT but then reduced again by Prim5 stage.
Majority of CAGE-seq tags observed mapped mostly upstream of or at the
annotated TSS for ncRNAs. Some ncRNAs also show a bidirectional pattern with
reads distributed both upstream and downstream of TSS after zygotic genome
activation. This peculiar pattern detected for ncRNAs could be due to differences in
the ENSEMBL annotation of ncRNAs. This result also validates our observations
from the RNA-seq (Fig 4.2.14) which showed similar expression changes and a
bidirectional pattern of read distribution both upstream and downstream of the

ncRNA TSS.
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Figure 5.2.12 Read distribution across the TSS of mRNA and ncRNA.
Each panel in the heatmap represents a developmental stage and covers the 4kb upstream and downstream of TSS of genes (X-

axis). The y-axis represents all the ncRNA and mRNAs and the z-axis is the intensity of the CAGE-seq tags (0-2 tpm).
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5.2.8.1 CAGE and RNA-seq both detect promoters of antisense ncRNAs
during zebrafish development

We further validated the expression levels observed for CAGE predicted TSSs by
correlating the differences in the usage of TSS with the dynamics of gene activity
detected by nuclear RNA-seq generated. For this study three of the antisense
ncRNA examples from the negatively correlated group, one of the class of antisense
characterised in the first results chapter (Fig 5.2.13-5.2.15) were observed on the
genome browser. We also included the H3K27me3 data from the dome and shield
stages as these antisense are polycomb targets. The antisense examples
considered overlap important homeobox proteins which are essential for
establishment of anterior/posterior body patterning during early vertebrate
development (Corsetti et al., 1992). Hoxb cluster on chromosome 3 consists of 15
genes which all have transcription factor activity and binding specificity for RNA
polymerase |l promoter region and involved in embryonic skeletal system
morphogenesis (Waxman et al., 2008). /hx5 or the LIM homeobox 5 is a DNA
binding protein which is responsible for eye and forebrain development (Peng and
Westerfield, 2006). The Hoxc cluster on chromosome 23 consists of 15 genes which
have RNA polymerase Il distal enhancer activity and are involved in transcription
regulation. Most of the genes in the cluster are essential for body patterning and
skeletal morphogenesis (Stoll et al., 2013).

We observed that the antisense overlapping hoxb genes (Fig 5.2.13) showed a
higher nuclear RNA level in the 64-Cell stage which further increased with zygotic
genome activation. However, in the shield stage we observed an alternative start
for the antisense transcript which was further validated by the RNA-seq and is only

expressed in the nuclear fraction. The antisense overlapping the /hx5 gene (Fig
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5.2.14), on the other hand, showed higher cytosolic RNA levels and then switched
to nucleus after the 1000-Cell stage. In the shield stage we again see a higher
nuclear RNA levels and the presence of reads in the introns as well suggesting an
unprocessed antisense in the nuclear fraction which is absent in the cytosol. We
also observe correlation between the CAGE-seq tags, RNA reads and the
H3K27me3 mark for /hx5 antisense in the shield stage which is shown by the
presence of both reads and tags close to the H3K27me3 histone mark. The
antisense overlapping the hoxc genes (Fig 5.2.15) showed a similar increase in the
nuclear level with zygotic genome activation. The CAGE, however, showed the
presence of only two transcripts and the longer transcript in the 1000-Cell stage
(MZT). It also detected an intragenic CAGE signal in the nuclear fractions for almost

all stages of development considered.

200



Scale
chr3:
hoxb8a
hoxb7a
hoxb7a
hoxb7a
hoxb7a

si:ch73-4e5.1
520 -

0 -
520 -

-106 -
0 -
-0.30 -
0 -
-106 -
-0.30 -
0 -

-106 -

039 -
-106 -
0 -
-0.30 -
0 -
-106 -
0 -
<0.30 -
0 -

-106 -

Figure 5.2.13 Antisense to h

50 kb} | danRer7
24,000,000| 24,050,000| 24,100,000| 24,150,000|
th  hoxbeal)  hoxbsaH  hoxb3akk-— hoxb1aH
=4 hoxbaalsss=sm 1 hoxb3a
) dre-mir-10c| si:ch73-4e5.1 1
H hoxb3a k===
H si:dkey-178d9.31 si:ch73-4e5.1F
hoxb3alt + F——m
hoxb5a i hoxb2a Hh
si:ch73-4e5.1
H3K27me3_Dome
[TV TR WAT 1Y 7 NG Y VY T P TR YP I Y — [
| | | | H3K27me3_Shield
| ’ | - Coll6d_Nuc CAGE ~ ~ =~~~ 777 TTTTTT T tT mm mmemem s e e
r| -‘ rl r - -I| . ’ ] Cellé4_Nuc RNA t ] ||'|'|| | ‘
| Cell64_Cyt CAGE |
o 1 T N | Cell64_Cyt RNA

oxb genes.

Cell1000_Nuc CAGE

Cell1000_Nuc RNA

Cell1000_Cyt CAGE

Cell1000_Cyt RNA

Shield_Nuc CAGE

Shield_Nuc RNA™

Shield_Cyt CAGE

" Shield_Cyt RNA

LI n

- T

e

A

The figure above shows a genome browser view of expression detected by both CAGE and RNA-seq for the antisense overlapping
hoxb genes on chromosome 3. For simplicity we have considered only three stages 64-Cell, 1000-Cell and Shield. The left-hand
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Figure 5.2.14 Antisense to |hx5 gene.

The figure above shows a genome browser view of expression detected by both CAGE and RNA-seq for the antisense overlapping
Ihx5 gene on chromosome 21. For simplicity we have considered only three stages 64-Cell, 1000-Cell and Shield. The left-hand
panel shows the RNA levels (TPM) and CAGE-seq tags (tpm).
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Figure 5.2.15 Antisense to hoxc genes.

The figure above shows a genome browser view of expression detected by both
CAGE and RNA-seq for the antisense overlapping hoxc genes on chromosome 23.
For simplicity we have considered only three stages 64-Cell, 1000-Cell and Shield.
The left-hand panel shows the RNA levels (TPM) and CAGE-seq tags (tpm).
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5.2.9 CAGE-seq showed absence of tags across distal peaks for

repressive histone modification mark

Post-translational histone modifications generally affect gene expression by
epigenetic changes which results in closed or open chromatin structures. Several
studies in the past have demonstrated how histone modifications change with
zygotic genome activation during zebrafish embryogenesis (Vastenhouw et al.,
2010). To observe the association between the nuclear TSS selection and the
chromatin configuration we mapped all the nuclear reads upstream and downstream
of the peaks for H3K27ac (activation mark), H3K4me3 (poised promoters mark) and
H3K27me3 (repressive mark) in the dome stage.

The nuclear CAGE-seq tags increased with zygotic genome activation on mapping
at the H3K27ac and H3K4me3 peaks especially in the Dome stage. However, the
intensity of CAGE-seq tags decreased in both the dome and shield stages for the
H3K27me3 peaks but then increased in the Prim5 stage suggesting the removal of
these repressive marks (APPENDIX, Fig 5). In addition, the CAGE-seq tags for all
stages were also mapped on H3K27me3 peaks which were more than 2 kb distal to
the annotated TSS of any protein-coding genes (Fig 5.2.16). We observed that
H3K27me3 peaks were mutually exclusive with H3K27ac and H3K4me3
modifications as reflected by an absence of both H3K27ac (in red) and H3K4me3
ChlIP-seq reads (in green) at H3K27me3 enriched regions. The presence of CAGE-
seq tags at these distal peaks indicates towards the presence of distal regulatory
elements, such as enhancers, that bind chromatin modifying complexes. In
addition, CAGE-seq tags did not show any enrichment at H3K27me3 (in gold)
modified regions. As expected, an increase in enrichment of both CAGE-seq tags

and H3K27ac and H3K4me3 ChlP-seq reads was seen as the intensity of
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H3K27me3 marks decreased. However, the Prim5 stage showed enrichment for
CAGE-seq tags even when the H3K27me3 mark was higher proposing removal of

these marks as observed at the H3K27me3 peaks.
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Figure 5.2.16 Chromatin modifications at peaks distal (2kb) of H3K27me3 peaks.

The heatmaps show the different histone modifications in the dome stage of development. The X-axis of each window ranges from
-4kb to +4kb of the peaks (labelled as TSS and TES). Red shows the distribution of nuclear reads across the H3K27ac peaks,

green is for H3K4me3 peaks and yellow represents the H3K27me3 peaks.
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5.3 Discussion

Maternal-to-zygotic transition is one of the most essential phenomena that occurs
in the development of a vertebrate embryo (Lee et al., 2013).1t is accompanied by a
change in the embryonic transcriptome from maternal-to-zygotic and is, therefore,
of importance in understanding the variations that occur in the promoter and TSS
usage. The analysis of the CAGE-seq data in the present chapter showed
differences in promoter width with embryonic development (similar to (Nepal et al.,
2013)). The switch in the presence of sharp promoters (associated with TATA-box)
in the early pre-MZT stages to broad promoters (that overlap with CpG islands) in
later post-MZT stages suggests changes in the mode of regulation of a gene by the
promoter. The sharp promoters being associated with housekeeping and
developmentally regulated genes and broad promoters being common in tissue
specific genes (Carninci, 2006). Our study also revealed differences in promoter
width within the same stage (1000-Cell, Dome and Prim5) in different compartments
of the embryonic cell proposing a spatial and temporal regulation of gene
expression.

The clustering of individual CTSSs based on their expression levels in the different
stages with development revealed the presence of several transcript classes.
CTSSs that were present in the maternal stages (64-Cell, 256-Cell and 1000-Cell)
such as cluster 0_4 suggesting maternally deposited RNAs. Then the cluster 0_0
showing CTSSs that peaked during the maternal-to-zygotic transition proposing
transcripts important in zygotic genome activation. Zygotic CTSSs that are active
during the later stages such as revealed by cluster 4_0. Cluster 2_3 denotes CTSSs
that are present throughout the embryonic development suggestive of

housekeeping genes. This has already been observed by Haberle et al. (Haberle et
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al., 2014) in their study. However, our CAGE-seq also revealed another class of
CTSSs, cluster 4 _3, that showed differences in expression between the nuclear and
cytosolic fractions in the MZT and post-MZT stages. Thus, indicating the localisation
and potential function of the transcript in different subcellular compartments.

The analysis of alternative promoter usage showed several examples where the
TSS position within a single promoter were different between the maternal and
zygotic transcripts. We also see the presence of a broader promoter in the 1000-
Cell and dome stages of development, in comparison to the 64-cell stage, possibly
due to changes in the regulation of gene with zygotic genome activation. The
presence of intragenic CTSSs suggests the synthesis of cleaved RNAs as a by-
product of post-transcriptional processing which are possibly important during
development (also shown in (Nepal et al., 2013)). The differences in both the RNA
levels and the position of the dominant TSS within the same promoter for the two
fractions perhaps implies the variations in the usage of the transcripts. The nuclear
transcript might have regulatory roles and remains in the nucleus while the cytosolic
transcript is utilised in the process of translation and thus, the TSS is also an
indication of the translation start site. The translation start site selection is also quite
possibly the reason for differential TSS usage that we see amongst the maternal
and zygotic transcripts.

Non-coding RNA dynamics. The bidirectional pattern observed for ncRNAs in the
nuclear fraction with zygotic genome activation (Fig 5.2.12) further validates the
arrangement seen with nuclear RNA reads for ncRNAs (Fig 4.2.14). This suggests
the presence of alternative transcription start sites as opposed to ENSEMBL
annotated for ncRNAs. We see a significant correlation between the nuclear RNA-

seq and nuclear CAGE-seq data when observed on the genome browser (Fig
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5.2.13-5.2.15). In addition, the CAGE also detects a lot of intragenic CTSSs for the
antisense post-MZT, also confirmed by nuclear RNA-seq, indicating towards the
presence of post-transcriptional processing. Thus, giving further insights into the
mechanism of regulation of overlapping protein-coding genes by these antisense.

Histone modification. On mapping the nuclear CAGE-seq tags 2 kb distal of
H3K27me3 peaks at dome stage we observed an absence of tags in loci where the
ChIP-seq reads were enriched. However, the genomic loci which showed lack of
H3K27me3 ChlP-seq reads showed presence of CAGE-seq tags which was also
true for the activating chromatin marks, H3K27ac and H3K4me3. The intensity of
the CAGE-seq tags increased in the Prim5 stage quite possibly due to the removal
of H3K27me3 mark by this stage. Thus, our nuclear CAGE-seq revealed the

presence of distal regulatory elements that bind chromatin modifying complexes.
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CHAPTER 6: GENERAL DISCUSSION

Considering the low expression levels and specific localisation of IncRNAs,
availability of deep sequencing studies such as RNA-seq or CAGE-seq would help
in identification of novel INcRNAs. In zebrafish so far, there have been only a few
studies which have systematically identified IncRNAs during development based on
RNA-seq or CAGE-seq datasets (Pauli et al., 2012, Haque et al., 2014, Dhiman et
al., 2015, Hu et al., 2018). However, these studies have not categorised these
IncRNAs and their regulation of protein-coding genes during zebrafish development.
Past studies in human cell lines have also shown the importance of IncRNAs in
development. In humans, studies on stem cell differentiation have shown the
importance of IncRNAs such as hoxBlinc in hematopoietic differentiation, ALIEN in
endodermal differentiation, SENCR in endothelial differentiation and Tunar in
neuronal differentiation (Perry and Ulitsky, 2016). Several studies during vertebrate
development have also identified the presence of conserved non-coding sequences
predominantly in close proximity to developmental genes (Woolfe et al., 2005,
Ponjavic et al., 2009, Luo et al., 2016). Thus, establishing the significance of
INcRNAs expressed during zebrafish development in the context of maternal-to-

zygotic transition will help in understanding the development process better.

210



6.1 Two distinct class of antisense with differences in

expression pattern, localisation and chromatin features

In humans several approaches such as localisation within a cell, genomic
positioning, expression and association with chromatin features have been used to
characterise IncRNAs (Ponjavic et al., 2009, Mondal et al., 2010, Cabili et al., 2011,
Derrien et al., 2012, Derrien et al., 2011). Our aim was to identify coding and
antisense pairs present during the early stages of zebrafish embryogenesis and
characterise them into a class based on their expression correlation. Using an
existing RNA-seq dataset (Pauli et al., 2012) we discovered the presence of two
distinct classes of antisense: negatively correlated and positively correlated group.
The two class of antisense showed peculiarities in inheritance with negatively
correlated antisense being exclusively maternally deposited and antisense in the
positively correlated group showed both maternal and zygotic contributions (Fig
3.2.2). Our analysis also revealed differences in the function of coding genes
overlapping these antisense, with maternally deposited antisense overlapping
important developmental genes (Fig 3.2.6). We are proposing the importance of
these maternally deposited antisense in early zebrafish development. The coding
genes in the negatively correlated category were also associated with repressive
histone modification mark, H3K27me3. In the positively correlated group, however,
both the antisense and the coding genes had H3K27ac and H3K4me3 but no
H3K27me3 marks at their promoter (Fig 3.2.10). We also observed a higher overlap
region (~14kb) between the maternal antisense and their overlapping coding gene
compared to positively correlated category of antisense and mRNA gene (Fig 3.2.8).

Since the two class of antisense showed such distinct features we further
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investigated for differences in their subcellular localisation. This will also help us in
better understanding the mechanism of regulation of protein-coding expression by
these antisense. The negatively correlated antisense showed a more stage specific
localisation with predominant cytosolic presence during the early stage (64-Cell)
and then becoming more abundant in nucleus with MZT. There was, however, a few
antisense which become cytosolic (purple) in the shield stage and a few that
become nuclear in the 256-Cell probably indicating the importance of these
antisense in regulation of their overlapping protein-coding genes (Fig 4.2.3-4.2.4).
The coding genes did not show specific localisation in the early stages possibly
because they were not being expressed. But with MZT we saw a very specific
nuclear localisation suggesting their transcription (Fig 4.2.5). In the positively
correlated antisense, on the contrary, majority of antisense were not specifically or
exclusively localised (green or yellow) into compartments until after MZT when they
became nuclear (red) (Fig 4.2.3-4.2.4). Further the conservation of characterised
maternal antisense, overlapping developmental genes, in both mouse and humans,
in a syntenic manner, confirms the significance of these IncRNAs during
development (Fig 3.2.14-3.2.17).

We propose a mechanism whereby the maternally deposited antisense acts as a
means of regulation of overlapping protein-coding gene expression, post-
transcriptionally, by RNA-RNA hybridisation (in the cytosol) before the zygotic
genome activation. After the zygotic genome activation since these protein-coding
genes are targeted by the PRC2 complex their expressions are regulated by histone
modifying complexes. Therefore, implying that the maternally deposited antisense
act as a backup mechanism for regulation of overlapping protein-coding genes

because of the absence of repressive histone marks prior to MZT (Fig 3.3.1).
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6.2 RNA dynamics with zygotic genome activation in zebrafish
development

6.2.1 Non-coding RNA dynamic.

In ENCODE the addition of nuclear RNA sequencing data proved to be essential in
identifying several ncRNA’s which were only localised in the nucleus and not
detected in the whole cell RNA sequencing data (Derrien et al., 2012). Our RNA-
seq dataset detected several ncRNAs, with three-fold higher depth, that were not
present in Pauli et al. dataset (Pauli et al., 2012) in the early stages of zebrafish
development (Fig 4.2.15-4.2.17). We also observed majority (59%) of ncRNAs to be
present in the cytosol before zygotic genome activation. However, with transcription
activation ncRNAs become more and more nuclear (21-74%) (Fig 4.2.12). Both our
nuclear RNA-sequencing and CAGE-sequencing data showed a bidirectional
distribution of reads across the TSS of ncRNAs perhaps indicating absence of
accurate annotations for these RNAs (Fig 4.2.14, 5.2.12). In general, we observed
a stage specific expression of ncRNAs which has been previously seen in Pauli et
al. RNA-seq (Pauli et al., 2012). However, the difference was that in our study we
detect very different expression pattern for the different class of ncRNAs in the
nuclear and cytosolic fractions (Fig 4.2.19). Thus, suggesting different stage specific
function for the ncRNAs in the different subcellular compartments. The antisense
were established to be the highly abundant class of ncRNAs in the cytosol whereas
lincRNAs formed the majority in the nuclear fraction before zygotic genome
activation (Fig 4.2.19). This further indicated towards the importance of overlapping

or neighbouring protein-coding gene regulation prior to MZT. However, the
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abundance of snRNAs in both the nuclear and cytosolic fraction after zygotic
genome activation suggested the shift in the requirement for splicing machinery with
transcription of zygotic genes (also observed in human cell lines (Djebali et al.,
2012)). The antisense ncRNAs were distinguished into a class, nuclear and
cytosolic, based on their subcellular localisation. The nuclear antisense expression
showed both maternal and zygotic contributions while the cytosolic antisense were
mostly maternal with a majority not expressing in the shield stage (Fig 4.2.20-
4.2.21). Out of all the categorised cytosolic antisense 56 antisense were specific to
the 64-Cell stage and only 11 that were exclusive to the shield stage. In the category
of nuclear antisense only 8 were specific to the 64-Cell stage while 92 antisense
were explicitly expressed in the shield stage (Fig 4.2.23). Consequently, implying
the importance of specific localisation of ncRNAs with embryonic development. The
56 antisense in the 64-Cell stage overlapped protein-coding genes more
significantly enriched in TF activity and development (p-values greater than 10°°)
(Fig 4.2.24). However, the coding genes overlapping the nuclear antisense showed
enrichment for insulin-like growth factor receptor binding and metabolism (p-values
greater than 103) (Fig 4.2.25). Thus, possibly suggesting presence of different
mechanisms to regulate the expression of MRNA genes by antisense in the different

subcellular compartments.

6.2.2 mRNA dynamic.

We observed rapid degradation (95-65%) of cytosolic mMRNAs, perhaps maternal
mMRNAs, and a comparable increase in nuclear mRNA levels (5-35%) with maternal-

to-zygotic transition (Fig 4.2.7). The read distribution, 4kb upstream and
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downstream, of MRNA TSS showed coverage at the TSS before zygotic genome
activation. However, with zygotic transcription the reads occurred downstream
suggesting mMRNA synthesis. This was all in accordance with what has been
previously observed about mRNA expression with zebrafish development (White et

al., 2017).
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6.3 Differential TSS usage and promoter organisation during

zebrafish embryogenesis

Our CAGE-Seq study revealed differences in promoter as well the usage of TSS in
the different subcellular compartment within the same stage proposing a spatial
regulation of gene expression. On comparison with an existing CAGE-Seq dataset
on zebrafish development (Nepal et al., 2013) our dataset identified more than
three-fold higher number of TCs in stages after zygotic genome activation (Fig 5.2.2)
providing a more comprehensive dataset for detection of transcription start sites. On
observing the promoter width, we saw presence of broader promoters in the
cytosolic fraction when compared to the nuclear during and after ZGA (1000-Cell,
Dome and Prim-5). However, pre-MZT stages showed similar promoter width within
the fractions (64-Cell and 256-Cell) (Fig 5.2.4-5.2.5). Expression profile revealed
the presence of TSSs specific for maternal RNAs, zygotic RNAs, RNAs expressing
exclusively during maternal-to-zygotic transition (Fig 5.2.6). This has been
previously identified by Nepal et al. study (Nepal et al., 2013) on zebrafish
development. However, our CAGE-Seq dataset also detected another class of
TSSs that showed differences in expression between the nuclear and cytosolic
fraction during MZT and post-MZT stages (Fig 5.2.6). Genes with multiple
transcripts showed presence of different transcripts in the two subcellular
compartments. Our nuclear CAGE tags showed enrichment at loci distal (2kb) to
the H3K27me3 peaks suggesting presence of distal enhancer elements (Fig

5.2.16).
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6.4 Future work and Conclusion

In our study on antisense ncRNAs (CHAPTER 3) we were successfully able to
classify antisense ncRNAs into two categories based on expression, timing of
expression, associated chromatin features and localisation during development.
However, the features associated with maternal antisense and protein-coding gene
pairs identified in this study needs further experimental validations to confirm the
mechanism of regulation of mMRNA expression by the antisense. It would be
interesting to observe the results of chromatin associated with these IncRNAs using
high-throughput techniques such as ChiRP-Seq (Chromatin isolation by RNA
purification sequencing). Functional studies such as CRISPRi (Clustered Regularly
Interspaced Short Palindromic Repeats interference) or addition of PolyA signals
downstream of the start site of antisense would further help in understanding
whether or not the absence of these antisense affects the expression of
neighbouring mRNA genes. Analysis into the sequence and gene structure of some
of the conserved antisense, identified overlapping developmental genes, in both
humans and mouse would provide further insights into the significance of these
antisense.

In summary, our nuclear RNA-seq and CAGE-seq generated as part of our study
provides a vast resource for other researchers in the field of zebrafish development.
It also revealed very specific (both stage and space) expression pattern for ncRNAs
during zebrafish development which can be further validated in vitro. Both nuclear
CAGE and RNA-seq could be used for annotating novel enhancer RNAs and
ncRNAs essential in zebrafish development (an ongoing paper part of the

DANIOCODE). Our nuclear data also provides opportunity for future functional and
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evolutionary studies such as differences in promoter sequence from nuclear to

cytosolic during development.
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APPENDIX |

Figure 1. Gapdh expression in RNAs isolated from zebrafish embryonic cells in
different stages of development (as a control to check the quality of RNA extracted).
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Figure 2. the heatmap below shows the expression of all ncRNAs (above 1 TPM)
in the nuclear and cytosolic fractions. The X-axis represents the stages of
development while the Y-axis represents ncRNAs. A dark colour indicates an
expression from 80-100 TPM while lighter shade of blue is an indication of lower

RNA levels (0-20 TPM).
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Figure 3. The violin plots below show the RNA levels of cytosolic and nuclear
antisense with zebrafish development. the X-axis represents the stages in
development while the Y-axis indicates RNA levels in TPM.
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Figure 4. the graphs below show the gene ontology terms associated with mRNA
genes overlapping cytosolic antisense (64-Cell stage) and the nuclear antisense
(Shield stage). The analysis revealed that the unique cytosolic antisense observed
in the 64-Cell stage overlap important developmental genes (p-value > 7.5) while
the nuclear antisense mutually exclusive to the shield stage showed a higher
enrichment for genes involved in signalling (p-value > 3).
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Figure 5. the heatmaps below represent the Nuclear CAGE-tags mapped to the
H3K27ac (in red), H3K4me3 (in green) and H3K27me3 (in yellow) ChlP peaks. The
Y-axis represents the ChIP loci while the X-axis signifies +4kb of the ChIP peak
center (TSS).
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