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Abstract

Made up of four subunits, Structural Maintenance of Chromosomes (SMC) proteins,
the SMC1 and SMC3 subunits, Rad21 and stromalin antigens (SA1/2), the ring-
shaped protein cohesin is an essential part of both the mitotic and meiotic cell
cycle. In addition to maintaining cohesion between sister chromatids at the anaphase
stage of the cell cycle, cohesin also plays a role in regulating gene expression during
development. Mutations in the cohesin subunits and the related cohesin network
are often found in somatically derived cancers such as Acute Myeloid Leukemia
(AML), Chronic Myelomonocytic Leukemia (CMML), Myeloproliferative Neoplasms
(MPNs) and Myelodysplastic Syndrome (MDS), as well as a distinct group of
inherited developmental disorders called Cohesinopathies, Roberts syndrome (RBS)
and Cornelia de Lange Syndrome (CdLS).

The zebrafish (Danio rerio) animal model, rad21nz171, with a nonsense mutation in
the rad21 gene, has been utilized as an animal model to study the effect of depletion
of cohesin. Genes indentified to bind cohesin and be affected in cohesin depleted
embryos were studied in this project and include the following, ankrd9, foxo3b, has2,
pax2a, sema3ab, s1pr1, sox9b, wnt3a and wnt7ba. Whole-mount in situ hybridization
was carried out using riboprobes for these genes on embryos produced by the incross
of adult heterozygous rad21nz171 zebrafish. Half of the embryos were expected to be
heterozygous for the mutant rad21 allele, while the rest would be homozygous for the
mutant allele and wild type siblings. Heterozygotes were also expected to have lower
levels of Rad21 compared to wild type embryos, but more than their homozygous
siblings. Previous experiments using this same model have found cohesin to regulate
expression of the transcription factor, runx1 in a tissue-specific manner. It was thus
hypothesized that cohesin could also regulate other genes in a similar manner.

Overall, heterozygotes showed similar expression patterns as the wild type control
while homozygotes lacked expression for most genes. It was found that cohesin
regulates the expression of has2, pax2a and wnt3a in a tissue-specific, dosage-sensitive
manner and decrease in cohesin levels brings about ectopic expression of the tailbud
region in heterozygote rad21nz171 embryos for these genes. Cohesin could also
indirectly regulate wnt3a and wnt7ba expression possibly by directly regulating
foxo3b expression. Cohesin also regulated the tissue-specific expression of sox9b
in the tailbud region. This positions cohesin as an important regulator of gene
expression during development in a dosage-dependent, tissue-specific manner and
can help shed light on the range of phenotypes observed in patients suffering from



cohesinopathies.
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1. Introduction

“One Ring to rule them all, One Ring to find them, One Ring to bring them all, and
in the darkness bind them.” — J.R.R. Tolkien

Recent advances in sequencing technology have allowed for an in-depth exploration
of the complex mechanisms behind gene regulation, along with a renewed appre-
ciation for the influence that the spatial organization of the genome has on gene
expression. Gene expression is regulated by a consortium of transcription factors,
RNA polymerase and other regulatory elements such as enhancers and insulators [1].
The precise coordination of gene expression brought about by these factors during
development is key in determining cell fate and anatomical plans. Cohesin, a ring-like
multi-protein complex is one such factor [2]. Discovered nearly two decades ago,
cohesin was first described to maintain cohesion between sister chromatids during cell
division [3] but has since been linked to additional functions such as gene regulation
and DNA repair.

1.1. Cohesin and the Cohesin Network
Cohesin is an essential part of both the mitotic and meiotic cell cycle. Made up of
four subunits, the core of cohesin is a heterodimer formed between two Structural
Maintenance of Chromosomes (SMC) proteins, the SMC1 and SMC3 subunits [4].
The SMC proteins fold back on themselves creating an antiparallel coiled structure
with hinge domains at one end [5]. On the other end, the N- and C-terminal domains
of the coiled polypeptides form the nucleotide-binding domain (NBD) [6]. The
hinge domains of SMC1 and SMC3 interact tightly with each other, resulting in the
formation of the V-shaped heterodimer that is the core of cohesin [4]. The SMC1-
NBD and SMC3-NBD on either ends of the V-shape consist of ATPase domains,
creating a catalytic domain for ATP (adenosine triphosphate) hydrolysis. The SMC1-
NBD and SMC3-NBD associates with the N- and C-terminal of the α-kleisin sister
chromatid cohesion (SCC) subunit, SCC1/RAD21, respectively [7]. This association
is considered to enable ATP binding and hydrolysis, crucial for entrapping sister
chromatids during cell division [8]. Finally, SCC1 interacts with the fourth subunit
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called stromalin antigens, either SA1 or SA2, but never both [5]. While these subunits
and other cohesin associated proteins have been best characterized in yeast, sequence
conservation observed across species implies that cohesin complexes are similar in
their structures [4].

MAU2

Loads Cohesin

NIPBL

SMC3SMC1

RAD21

SA

PDS5

Soronin

ESCO2

WAPL

Figure 1.1.: Structure of Cohesin. Cohesin is made up of four proteins. In somatic
cells, the SMC1 and SMC3 proteins coil together to form a hinge domain
on one end and ATPase domains at the other. The head domains are
connected by the Rad21 kleisin protein and the final association of SA1
or SA2 protein completes the structure.

In addition to the subunits, cohesin requires a host of other proteins in order to
be loaded and unloaded onto chromosomes. During the G1 phase of the cell cycle,
cohesin interacts with the chromatin and with the help of the SCC2-SCC4 complex in
yeast (Nipped-B/NIPBL in Drosophila melanogaster and NIPBL-Mau2/Kollerin in
humans) entraps the DNA [9]. NIPBL has been found to be crucial for efficient loading
of cohesin on DNA [10]. Following passage of the DNA replication fork, cohesin
encloses the two sister chromatids and establishes cohesion [11]. Establishment of
bridges between sister chromatids, and therefore cohesion, during S phase requires
acetylation of two lysine residues in the SMC3 subunit by cohesin acetyltransferases
(CoATs) ESCO1 and ESCO2 [12]. In vertebrates, cohesion is maintained by a protein
called Sororin, which binds to Pds5 to form stable cohesin-DNA interaction [13].
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Pds5 is another regulatory protein that binds to SA1/2 playing dual roles in the
cohesin network. On one hand, Pds5 when bound to Sororin maintains cohesion. On
the other hand, it forms a complex with the protein Wapl that displaces cohesin from
DNA, unloading it [14, 15]. In vertebrates as cells enter the prophase stage, most
of cohesin is unloaded from chromosomes arms by this method, also known as the
prophase pathway [16]. Following unloading, SMC3 is deacetylated allowing cohesin
to be recycled [16]. However, a small portion of cohesin that remains bound at the
pericentromeric regions is removed by the proteolytic cleavage of the SCC1/Rad21
subunit by Separase at the onset of anaphase [17]. This leads to the cohesin ring
being destroyed and cohesin being removed. Due to this dual mechanism of removal,
at any given time there are two distinct populations of cohesin: a dynamic population
that goes through turnover and a small subset of stably bound cohesin [14] that
maintains cohesion.

1.2. Cohesin in diseases
Mutations in the cohesin subunits and the related cohesin network are often associated
with failure to maintain sister chromatid cohesion [18], as well as disruption of mitosis
and instability of the cohesin complex itself [19]. While mutations in the cohesin
network would be expected to generate irregularities in chromosome segregation, they
also have a myriad of phenotypes that do not present alongside segregation defects. It
has been noted that complete lack of cohesin always lead to mitotic arrest and eventual
death in utero, while insufficient cohesin levels are linked to altered gene expression
and developmental defects. For instance, D. melanogaster mutants with reduced
levels of NIPBL, or cohesin, display altered gene expression and developmental defects
but few chromosome segregation abnormalities [20]. Similarly, heterozygous NIPBL-
mutant mice also show mild changes in gene expression without any significant effects
in cohesion [21]. Mutations in cohesin subunits are also associated with incidences of
several types of cancers, such as Acute Myeloid Leukemia (AML) cases where almost
12 % to 15 % of the patients exhibited normal karyotypes [22]. Cohesin mutations
have been implicated in several other types of myeloid malignancies such as Chronic
Myelomonocytic Leukemia (CMML), Myeloproliferative Neoplasms (MPNs) and
Myelodysplastic Syndrome (MDS) [23]. Cohesin gene mutations have been found in
15% of MDS and 20% of secondary AML patients and associated with mutations
involving other genes [24].

Mutations in the cohesin network also result in a subset of developmental disorders,
referred to as Cohesinopathies. Roberts syndrome (RBS) and Cornelia de Lange
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Syndrome (CdLS) are two such disorders characterized by severe developmental ab-
normalities [25]. While both diseases are a product of mutations in cohesin-associated
genes, they differ in the specific nature of the mutations. RBS is characterized by
mutations in the ESCO2 gene and exhibits craniofacial abnormalities, cleft palate
and reduction in bone formation [26]. Animal models also exhibit poor nucleolar
organization, aneuploidy and ribosome biogenesis as well as protein translation [27,
28]. On the other hand, CdLS is heterogenous in both the causes behind it and
in presentation. The majority of CdlS cases have mutations in the cohesin loader,
NIPBL (65 %) [29]. The remaining cases have different mutations in the cohesin
subunit genes themselves such as SMC1 (5 %) and Rad21 [30], but not in NIPBL
gene. The clinical presentations of CdLS ranges from mild to severe intellectual
disability along with developmental abnormalities of limbs and craniofacial structures
[31]. It is important to note that cohesin mutations in cancers are somatic while
those that are found in cohesinopathies are inherited via germline. The diversity of
symptoms in Cohesinopathies can be attributed to the different mutations observed
and the associated differential gene expression they bring about, and point to an
additional role for cohesin in modulating gene expression.

1.3. Cohesin in Gene Regulation
Although initially identified as a protein complex essential for sister chromatid
cohesion up until the anaphase stage during cell division [32], the occurrence of
mutations in the cohesin network in diseased patients with little to no alterations
in karyotype presentation, imply an additional role for cohesin. Indeed, cohesin
is expressed in non-proliferating cells, and depletion of cohesin in post-mitotic D.
melanogaster neurons causes defects in the developmentally controlled pruning of
axons and dendrites [33]. Cohesin has also been shown to regulate expression of
members of the multi-lineage transcription factors, runx1 and runx3, in zebrafish
embryos [34] as well as c-Myc, a known oncogene [35]. Considering that complete loss
of cohesin leads to cell death, and that diseased phenotypes in patients have a variety
of presentations, it is likely that the cohesin mutations arise early in development
and affect gene expressions during embryogenesis, highlighting the role of cohesin in
gene regulation.
Cohesin could exert transcriptional control of gene expression in a few different

ways. Depletion of cohesin was found to reduce long-range interaction between
cohesin-bound sites creating alternate interactions that facilitates transcriptional
repression [36]. One way cohesin could produce such an effect is by interacting with
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the insulator protein, CCCTC-binding factor (CTCF). Strong cohesin binding sites
are found to coincide with not only cohesin binding but also with CTCF [37], as well
as colocalizing extensively throughout the mammalian genome [38]. CTCF is a highly
conserved, 11-zinc finger protein that shows sequence-specific DNA-binding abilities
[39]. In addition to its role as an insulator [40], experimental data suggests that
CTCF plays a role in establishing long-range chromatin interactions [41] by creating
loops that either facilitate enhancer-promoter interactions or insulating promoters
from enhancers. Enhancers are sequences at which transcription factors are recruited
and can promote transcription of genes regardless of their position with respect to
promoter [42]. Enhancers are marked by distinct histone modifications of histone
molecules such as Histone H3 lysine 4 monomethylation (H3K4me1), trimethylation
(H3K4me3), acetylation (H3K27ac) [43]. They have been found to help regulate gene
expression in a tissue-specific manner during development [44] and their interactions
with genes governed by changes in the chromatin architecture.

CTCF, along with cohesin contributes to the chromatin architecture by helping to
establish Topologically Associated Domains (TADs) [45]. TADs are sub-megabase
scale domains that the genome is spatially organized into, and are characterized
by preferential interactions within the same TAD rather than adjacent TADs [46].
CTCF-sites tend to demarcate TADS and subsets of TADs which fold into loops,
referred to as sub-TADS [47]. Loop formation is thought to be the reason behind
the self-association of the genes within TADs and the insulating nature between
neighboring TADs [48]. This manner of chromatin organization is considered to be a
product of loop extrusion, where dynamic chromatin loops are formed by the action
of cohesin, now identified as a loop-extrusion factors (LEF) [49]. On binding of
LEF to chromatin, it slides along the chromatin fiber in both directions, connecting
differing points of the chromatin and extruding a loop [50, 51]. It has been found that
genes within the same TADs share coordinated gene expression, while the activity
between adjacent TADs is blocked [52]. Altering CTCF binding sites have been
found to remove TAD boundaries, resulting in ectopic gene expression [53], while
depletion of cohesin leaves TAD boundaries mostly intact [54]. However, loss of
cohesin disrupts interactions within TADs themselves and causes dysregulation of
genes in post-mitotic astrocytes [55]. Altogether, cohesin and CTCF seem to play
related roles in organizing the chromatin but nonetheless regulate gene expression
by stabilizing the domains.
Cohesin could also influence gene expression independently of CTCF. Cohesin

binding sites that do not colocalize with CTCF, tend to coincide more with enhancer
elements and genes that exhibit tissue-specific expression patterns [56]. For instance,
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cohesin has been found to positively regulate runx1 expression in the hematopoietic
mesoderm in zebrafish embryos while CTCF represses runx1 expression in the
tail bud region [57]. Reduction in Rad21 and therefore cohesin has been shown
to reduce expression of runx1 in CTCF independent manner [34]. Cohesin also
facilitates the interaction between distal enhancer regions and β-globin genes in
human hematopoeitic leukaemia cell lines [58]. Cohesin could also collaborate with
the multiprotein complex known as Mediator, and link enhancer regions to promoters
of genes that enable tissue-specific gene expression as seen in mouse embryonic stem
cells [59]. The Mediator complex is known as a master regulator of development and
determining cell lineage [60], a title that cohesin could also be involved in by virtue
of transcriptional control of genes during development.
Like the Mediator complex that is involved in transcriptional elongation and

termination, cohesin too could control gene expression in a similar manner. Cohesin-
binding genes on average have more transcriptionally active RNA Polymerase II (Pol
II) than non-binding genes, and have higher rates of promoter-proximal pausing of
Pol II [61]. As a result, cohesin-binding genes produce a high amount of mRNA
per transcribing Pol II complex at a steady rate [62, 63]. Cohesin can also bind
preferentially to genes involved in key developmental processes and can increase the
rate of Pol II transitioning to productive elongation [64], possibly by facilitating
enhancer-promoter looping and bringing paused Pol II into contact with transcrip-
tional activators [65]. Depletion of cohesin has been found to reduce transcription,
indicating that cohesin plays a role in stalling Pol II and increasing steady-state
mRNA production [62, 63]. Similarly, CdLS cell lines carrying mutations in the
cohesin complex also show disruption of Pol II elongation and poor transcription
of genes [66]. Given that Pol II pausing has a role to play in establishing cell fate
during development in vertebrates [67], it is likely that cohesin is also a player in the
field of transcriptional control via elongation.
The many ways in which cohesin could regulate gene expression (as shown in

Figure 1.2) during development merits a closer examination. Indeed, several model
systems have been used to understand the pathogenesis of diseases where cohesin-
associated genes are mutated. Yeast and D. melanogaster have been used to identify
several functions of cohesin and the role it plays in disease progression. Efforts
have been made to understand how cohesin influences gene expression particularly
during development. However, complete lack of cohesin leads to lethality due to
mitotic arrest and mild phenotypic presentations make it difficult to study during
early development. Zebrafish are an ideal model organism to study the phenotypic
differences resulting from cohesin depletion in the early hours of development.
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Removal of pausing factors facilitated by 
cohesin

Pol II involved in elongationPaused Pol II 

C

D

A

chromosome territories

Topologically Associated 
Domains (TADs)

B

Cohesin

CTCF

Mediator

Enhancer NIPBL-MAU2
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Transcription factor

RNA Polymerase II

Pausing factor complexes

Figure 1.2.: Transcription regulation by cohesin. (A) At the largest scale of
organization, chromosomes associate with other chromosomes and form
chromosome territories that package the genome at the nuclear level. At
the intermediate scale, the chromatin that is formed at the smallest scale
of packaging by compacting DNA around histone octamers, is organized
into TADs. (B) Cohesin and CTCF coordinate in the formation of
chromatin loops that package the genome into units called Topologically
Associated Domains (TADs). (C) TADs restrict regulatory elements
such as enhancers or insulators to a specific domain, where cohesin
can promote transcription by bringing promoters and distal enhancer
elements into close contact or insulate them from enhancers and repress
transcription. (D) Cohesin also facilitates transition of paused Pol II to
elongation, by interacting with pausing complex factors.
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1.4. Zebrafish as Model Organism
A freshwater teleost, zebrafish (D. rerio), is a popular animal model. Zebrafish
are small (3 cm to 4 cm) making them easier to house in large numbers (100 to 200
embryos per breeding pair) and maintain. In addition to producing a large number
of offspring, zebrafish can be bred at an interval of 7 days to 9 days. Zebrafish
embryos have a develop rapidly, hatching in less than 3 days, and developing from
juvenile by 30 hpf to 40 hpf (hours post fertilisation) to an adult within 2 months
to 3 months [68]. Zebrafish embryos are transparent and grow externally, making
them easier to observe and image. Furthermore, zebrafish have a significant degree
of physiological homology to humans with a genome that is largely conserved from
human to mouse [69]. Notably, almost 69 % of zebrafish genes have at least one
human orthologue, 47 % of which also have a one-to-one relationship with the
corresponding zebrafish orthologue [70]. Zebrafish have been a popular choice to
study hematopoeitic disorders, leukemia [71] as well as cohesinopathies such as RBS
[72, 73]. Previous experiments show that cohesin is expressed in both proliferating
and non-proliferating cells of the zebrafish embryo [74]. Cohesin was also found to be
necessary for the expression of c-Myc orthologue in zebrafish [75] as well controlling
tissue-specific expression of runx1 and runx3 during embryogenesis [34].
The zebrafish cohesin mutant, rad21nz171, provides an opportunity to examine

changes in gene expression patterns during development. Created by ethylnitrosourea
(ENU) mutagenesis, the homozygote mutant carries a nonsense mutation in the exon
region of the rad21 gene (nucleotide 829, exon 8) that results in a truncated version
of the rad21 protein [34]. This mutant has previously identified cohesin-dependent
regulation of the Runx transcription factors, runx1 and runx3 genes and can thus
be a useful tool to study the effects of cohesin depletion during development, as the
homozygote effectively has only maternal deposition of cohesin in its reserves.The
homozygous embryo containing both copies of the rad21nz171 allele are phenotypically
distinct from their heterozygote and wildtype siblings, and characterised by delayed
growth, small head and eyes (Figure 1.3).
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Incross of adult 
heterozygous  rad21 
zebrafish

nz171

Embryos heterozygous 
for rad21              , nz171+/-

homozygous rad21
and wild type rad21 
allele

nz171-/-

WT

33 hpf 55 hpf

WT

rad21nz171-/-
rad21nz171-/-

Figure 1.3.: Phenotypic differences between embryos homozygous for the
mutant rad21 allele and their wildtype siblings. Embryos pro-
duced by the incross of rad21nz171 produces all three genotypes of rad21,
embryos that are homozygous and heterozygous for the mutant allele as
well as wildtype embryos that do not carry the mutant allele containing
the nonsense mutation in the rad21 gene. The heterozygote and wildtype
embryos are phenotypically similar, while the homozygote embryos show
stark differences. At both 33 hpf and 55 hpf, the homozygote embryo
showed a smaller head, small eyes and overall stunted growth. (hpf;
hours post fertilisation)

1.5. Aims and scope
Cohesin has been found to play a role in gene expression during development.
Through RNA sequencing, Meier et al. [76] identified several groups of genes that
are dysregulated in Rad21-depleted zebrafish embryos during early development,
4.5 hpf to 10 hpf. Chromatin Immunoprecipitation (ChIP) at these time points using
custom antibodies for both cohesin and CTCF identified several genes with binding
sites for these proteins during development. These genes were spread across different
gene ontologies, indicating multi-system effect of cohesin depletion and dysregulation
of gene expression. Many of the genes identified are also implicated in diseased
phenotypes observed in AML and cohesinopathies, among others.
The aim of this project was to examine the spatiotemporal expression profile of

developmental genes that were dysregulated by cohesin depletion. While quantitative
expression levels are informative, they are unable to shed light on the qualitative
expression patterns such as instances of ectopic expression or nature of tissue-specific
expression of genes by cohesin similar to runx1. This manner of regulation of genes
by cohesin points to the important role cohesin could play in determining cell-specific
expression, and would require qualitative data to identify which genes are regulated
in this manner. Carrying out qualitative analysis of the genes identified using
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embryos heterozygous and homozygous for rad21nz171 also helps to ascertain the
dosage-dependent effect of cohesin on gene expression. Merging quantitative data
with qualitative data would thus paint a complete picture of the role cohesin plays
in gene regulation.

1.5.1. Objective 1: Spatiotemporal expression profile of genes
during development

Previous works [75, 77, 76] produced a list of several genes that were dysregulated
in response to cohesin depletion in zebrafish embryos. These genes were identified
from overlapping datasets of Chromatin Immunoprecipitation (ChIP) and RNA
sequencing of cohesin depleted embryos at 4.5 hpf and 10 hpf as well as microarray
data of mutants at 24 hpf. As mentioned earlier, expression of runx1 was found to be
regulated in a tissue-specific manner by cohesin in the posterior lateral plate mesoderm
[34]. It is highly unlikely that runx1, an important regulator of hematopoiesis, is the
only gene regulated in a tissue-specific manner by cohesin. Examining the expression
profile of other genes quantified to be dysregulated in response to varying degrees of
cohesin depletion would therefore provide new information into the functional basis
of the role of cohesin in gene regulation.
In order to identify if any of these genes were regulated by cohesin in a tissue-

specific manner, whole-mount in situ hybridization (WISH) was carried out on the
embryos produced by crossing heterozygote rad21nz171 to each other (Figure 1.4).
Zebrafish embryos at developmental stages from segmentation stage at 12 hpf and
18 hpf to the pharyngula period at 24 hpf, 30 hpf and 36 hpf [78], were examined
using ribo-probes for genes of interest, ankrd9, foxo3b, has2, pax2a, sema3ab, s1pr1,
sox9b, wnt3a and wnt7ba. These genes were selected based on the overlap of genes
that were found to be affected in cohesin-depleted embryos and were bound by
cohesin in wildtype embryos. The gene ontologies (as shown in Table 1.1) were
also taken into consideration and found to be involved in key processes such as
neurogenesis, fin/limb development and cardiac development; processes that often
go awry in cohesinopathies.
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Table 1.1.: List of genes identified from overlapping cohesin-binding genes and genes
that were affected by cohesin depletion in Rad21 morphants at 10 hpf.
The fold change refers to the differences in gene expression in fragment
per kilobase of transcript per million mapped reads (FPKM) between
wildtype embryos and morpholino injected embryos.

Gene log2 Fold change
Involved in biological
process

ankrd9 1.20; down-regulated protein localisation to
plasma membrane

foxo3b 2.29; up-regulated chordate embryonic
development; negative
regulation of Wnt
signalling pathway;
negative regulation of
transcription by RNA
polymerase II

has2 2.25; down-regulated heart looping;
atrioventricular valve
development; blood
vessel development

pax2a 1.29; down-regulated
(microarray data)

cell fate specification and
differentiation; nervous
system development

s1pr1 2.59; down-regulated sphingosine-1-phosphate
receptor signalling
pathway

sema3ab 1.33; down-regulated blood vessel
morphogenesis; neural
crest cell migration

sox9b 0.89; down-regulated central nervous system
development; heart valve
development; cartilage
development
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Gene log2 Fold change
Involved in biological
process

wnt3a 2.06; down-regulated cell fate commitment;
Wnt signaling pathway;
midbrain-hindbrain
boundary development;
somitogenesis

wnt7ba 1.92; down-regulated neuron differentiation;
cell fate commitment;
Wnt signaling pathway

Genotype of embryo

Expected proportion

wild type rad21 nz171+/-

Incross of adult 
heterozygous  rad21 
zebrafish

nz171

rad21 nz171-/-

25% 50% 25%

Embryos heterozygous 
for rad21              , nz171+/-

homozygous rad21
and wild type rad21 
allele

nz171-/-

Figure 1.4.: Representation of embryo stages under investigation. Embryos
produced by the incross of rad21nz171 produces all three genotypes of
rad21, embryos that are homozygous and heterozygous for the mutant
allele as well as wildtype embryos that do not carry the mutant allele
containing the nonsense mutation in the rad21 gene.
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1.5.2. Objective 2: Bioinformatic profiling of genomic areas
around WISH genes

Much of the effect cohesin has on gene regulation has been found to be caused by
attenuating the chromatin structure. Studies on the role of cohesin have found that
it stabilises chromatin loops and influences interactions within TADs [55]. Using
existing datasets of wildtype zebrafish CTCF and cohesin binding sites as baseline,
the genomic regions around the genes of interest could be examined for clustering
within TADs and the presence of putative domain regulatory elements. This would
provide valuable information about the interaction between cohesin and genomic
organization and spatial control of genes.
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2. Methods and Materials

2.1. Animal Handling: Zebrafish
Zebrafish (D. rerio) were housed and maintained in the Otago Zebrafish Facility1 in
accordance with the methods described specified in Westerfield [79]. All experimental
procedures were approved by the University of Otago Animal Ethics Comittee and
carried out in accordance with the Otago Zebrafish Facility Standard Operating
Procedures.

2.1.1. Zebrafish Strains
The zebrafish strains used in this project were wild-type (WT) AB/PS and the Rad21
mutant rad21nz171.

2.1.2. Maintenance and feeding
Each tank was kept at a temperature of 24 ◦C to 30 ◦C, pH6.5 to 8.5 and conduc-
tivity of 200 µS to 1000 µS. The water in the system was purified using a ZebTEC
(Techniplast) system of biological filters and UV light. The maximum number of fish
was kept at or below 20 adults per 3.5 l tank. Zebrafish were fed three a times a day
consisting of two dry feedings and one live feed.

2.1.3. Zebrafish breeding and collection of eggs
Adult zebrafish were bred as described previously in Westerfield [79]. In the afternoon
prior to breeding, zebrafish were set up in pairs in breeding tanks with the male
and female fish separated by an insert. In the morning, the light triggers the fish to
breed. The breeding tanks consist of two containers, the inner container has slots
through which the eggs fall to the bottom. This arrangement of containers prevent
predation of the eggs by the adults. Eggs were collected by reverse-straining and

1Department of Pathology, University of Otago, Dunedin, New Zealand.
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transferred to petri dish containing 1x E3 solution. The embryos were incubated in
22 ◦C to 28 ◦C for optimal growth.

2.1.4. Embryo fixation and storage
Embryos were collected at desired developmental time points (12 hpf, 18 hpf, 24 hpf,
30 hpf and 36 hpf (hours post fertilisation)), and fixed in 4 %(wt/vol) paraformalde-
hyde (PFA) in 1x PBS at 4 ◦C overnight. Embryos were then manually dechorinated
using forceps and dehydrated in 100 % methanol, and stored at −20 ◦C Section A.7.

2.2. Gene expression during development

2.2.1. RNA extraction and complementary DNA (cDNA)
synthesis

wild type embryos were collected following breeding and allowed to develop in 1X E3
at 28 ◦C. Upon reaching the 36 hpf stage, RNA was extracted from the embryos using
the NucleoSpin® RNAII Kit (Macherey-Nagel) (Appendix A.1). The eluted RNA
was quantified using NanoDrop ND-1000 (NanoDrop Technologies). The quality of
the RNA was checked by electrophoresis on RNase-free, 1 % Agarose gel for an hour,
at 100 V. All RNA samples were stored at −80 ◦C.

For use in subsequent steps, the extracted RNA was converted to cDNA by reverse
transcription polymerase chain reaction (RT-PCR) (Appendix A.2).

2.2.2. PCR amplification and cloning
In order to synthesise riboprobes for use in whole-mount in situ hybridisation, gene-
specific PCR was carried out on cDNA using forward and reverse primers listed in
Table A.3. The PCR was carried out at 95 ◦C for 5 min with 35 cycles of denaturation
at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s and extension at 72 ◦C for 90 s. The final
elongation was for 10 ◦C at 72 ◦C. All PCR products were verified by electrophoresis
on 1 % agarose gel.

The amplified PCR fragments were then cloned into pGEMT-easy vector (Promega).
2 µl of the ligated vector-PCR fragment was mixed with 50 µl of competent DH5α
Escherichia coli and incubated on ice for 20 min. Following this, the competent
cells were heat shocked at 42 ◦C for 45 s and returned to ice for 2 min. 950 µl of
room-temperature SOC medium was then added to the cells and incubated at
37 ◦C for 90 min with shaking. After centrifugation at 3000 rpm for 10 min, 850 µl
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of the supernatant was removed. The pellet was gently resuspended in 100 µl of
the remaining supernatant and spread on nutrient agar plate containing 100 µl of
ampicillin (100 µg/ml), 20 µl of isopropylthiogalactose (IPTG) and 40 µl of X-Gal,
and incubated at 37 ◦C overnight. The colonies were cultured, purified using the
Plasmid DNA Purification Kit (Macherey-Nagel) and confirmed by sequencing.

2.2.3. Probe synthesis
Plasmids containing the desired PCR fragment were digested with the appropriate
restriction enzymes at 37 ◦C for 2 h, and digestion verified by electrophoresis on 1 %
Agarose gel. Purification of the digested plasmid was carried out using the QIAquick
PCR purification kit (Qiagen). To create digoxigenin (DIG) labelled ribo-probes,
1 µg of the purified DNA was used in transcription reaction mix with either Sp6 or
T7 RNA polymerase enzyme (Roche Diagnostics), 10x DIG labelled NTP (Roche
Diagnostics) and 10x transcription buffer (Roche Diagnostics) (Appendix A.6). The
eluted ribo-probe was quantified using NanoDrop ND-1000 (NanoDrop Technologies)
and on 1 % Agarose gel to check for quality. All probes were stored at −80 ◦C.

2.2.4. Whole-mount in situ hybridisation (WISH)
wild type and embryos from rad21nz171 heterozygous in crosses were collected at
12 hpf, 18 hpf, 24 hpf, 30 hpf and 36 hpf and fixed with 4 % PFA as described earlier.
Whole-mount in situ hybridisation (as described in Appendix A.7) was carried out
based on existing protocol by Thisse & Thisse [80] on mutant embryos. Wild type
embryos were used as control. The chromogenic reaction for detection was carried out
using 4-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate, NBT-
BCIP (Roche Diagnostics). Embryos were imaged using a Leica M205 FA automated
fluorescent stereo microscope (Leica Microsystems) equipped with a DFC490 camera.
All embryos were stored in 80 % glycerol solution at 4 ◦C.

2.2.5. Genotyping embryos post WISH
The embryos produced from rad21nz171 heterozygous in cross were difficult to distin-
guish based on morphology from their wild type counterparts. All embryos produced
from the heterozygous in cross were genotyped after WISH using either end-point
genotype or high resolution melt-curve analysis (HRMA), as described in Appendix
A.8. Both methods of genotyping were comparably effective and reliable.

16



2.3. Bioinformatic Profiling of Genomic Areas with
Respect to Genes of Interest

Following whole-mount in situ hybridization, the areas surrounding the genes of
interest were examined to better understand how the genes were differentially reg-
ulated in response to cohesin mutation. Existing datasets for Rad21 and CTCF
binding sites at 10 hpf (GSE84600) [76] were used to identify possible areas of inter-
est. Micro-array data [75] on rad21nz17.1 mutants at 24 hpf was also analyzed to
ascertain if the gene expression patterns were consistent for morphants and mutants.
Hi-C datasets (GSE105013) were used to identify possible TADs at 24 hpf [Kaaiji,
2018]. Datasets for histone methylation (H3K4me1 and H3K4me3) and acetylation
(H3K27ac) at 24 hpf stage (GSE32483) were also used to confirm TAD boundaries
the genes of interest were in. ([81]). All datasets were viewed on UCSC Genome
Browser (https://genome.ucsc.edu).
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3. Results

In recent years cohesin has been implicated in regulating gene expression in verte-
brates, particularly in zebrafish (D. rerio) and Drosophila (D. melanogaster). A list
of genes found to be affected by the depletion of cohesin subunit, rad21, in 10 hpf
zebrafish embryo [76] was the main focus of this project. The aim of this project was
to ascertain if the spatio-temporal expression pattern of these genes would change in
response to various levels of the Rad21 protein in vivo, using the zebrafish model,
rad21nz171. The rad21nz171 model carries the rad21nz17.1 allele with a mutation that
transcribes a truncated version of the Rad21 protein. Embryos produced by incross
of this line leads to half the progeny being heterozygous that have approximately
60 % of wild type Rad21 protein [75]. Embryos that are homozygous for the mutant
allele lack the Rad21 protein altogether [34] beyond the early blastula period of
development. As such, embryos from the heterozygous rad21nz17.1 incross could be
used to examine whether the spatiotemporal expression of particular genes were
altered by different Rad21 levels, without having to inject knockout agents such
as morpholinos. Whole-mount in situ hybridization (WISH) was thus carried out
using riboprobes on embryos produced from breeding a pair of adult heterozygous
rad21nz171 zebrafish. As embryos could not be sorted into their respective genotype
by morphology alone, they were genotyped post-WISH. For the wildtype controls,
gene expression patterns were found to be similar to those published previously.
Bioinformatic analysis was carried out to better understand the role cohesin play
in shaping the genome with respect to the genes of interest, taking into account
whether cohesin was bound to these gene bodies at 10 hpf in wild type embryos and
the nature of the chromatin at 24 hpf.

3.1. Gene expression during development:
Whole-mount in situ hybridisation

Whole-mount in situ hybridisation was carried out using riboprobes for the following
genes of interest: ankrd9, foxo3b, has2, s1pr1, sema3ab, sox9b, pax2a, wnt3a and
wnt7ba. WISH was also carried out for rad21 to allow for comparisons between
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the genotypes on a qualitative basis of expression location and intensity. Overall,
heterozygotes showed comparable expression pattern to wild type embryos, differing
only in intensity of expression while homozygotes showed faint expression. Ectopic
expression was observed for has2, pax2a in heterozygotes at 24 hpf and wnt3a in
heterozygotes at 36 hpf. With the exception of foxo3b all other genes were down-
regulated in the Rad21-morphant embryo, this was found to be consistent with the
overall expression of the genes in the mutants as well.
All embryos show lateral views with anterior to the left. The number for each

embryo at each stage refers to the total number of embryos observed to have the
same patterns of expression for any given clutch of embryos produced by the incross.
Embryos were also genotyped post in situ, and identified using end-point genotyping
and/or high resolution melt curve analysis (HRMA) as shown in Figure 3.1.

A B

Wild type
Heterozygous rad21nz17.1+/-
Homozygous rad21nz17.1-/-

Figure 3.1.: Representation of embryos genotyped post whole-mount in
situ hybridization. (A) TaqMan genotyping carried out using SNP
probes to detect the single-nucleotide polymorphism of the rad21 gene.
The wild type rad21 allele fluorescence at wavelength 533 nm to 580 nm
and the mutant rad21 allele fluorescence at 465 nm to 510 nm. (B) High
resolution melt curve analysis (HRMA) identified heterozygotes and
homozygotes from wild type embryos based on differences in melt curves.

3.1.1. Riboprobe synthesis
Gene-specific polymerase chain reaction was conducted using primers designed in
Genious, as listed in Table A.3, Appendix A.3 on cDNA synthesised from RNA
extracted from 36 hpf wild type embryos. PCR products thus produced were checked
on 1 % gel for the expected fragment length and purified. The purified PCR products
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were then cloned into pGEMT-easy vectors and sequenced to confirm both identity
and orientation of the fragment. Following successful digestion, appropriate RNA
polymerase enzyme was used to transcribe riboprobes that were then quantified and
run on 1 % agarose gel.
The stages of riboprobe synthesis have been shown in the following figure (Fig-

ure 3.2), using the gene ankrd9 as an example.

B1

A

B B2

A11 2

1 21 2 3

Figure 3.2.: Riboprobe synthesis of ankrd9 gene. (A) Polymerase chain reac-
tion (PCR) carried out using forward and reverse primers specific for
ankrd9 and produced a single band of 727 bp in Lane 2. 1 kb+ DNA
ladder in Lane 1 was also included to confirm size of PCR product.(A1)
The purified PCR product was then cloned into pGEMT-easy vector
and sequenced to confirm identity of the fragment. (B) The plasmid
was digested using Nco1 restriction enzyme (Lane 2) and run alongside
1 kb+ DNA ladder (Lane 1) and undigested plasmid (Lane 3). (B1)
The riboprobe was synthesised using Sp6 RNA Polymerase and run on
1 % agarose gel. (B2) The riboprobe was also quantified on NanoDrop
ND-1000 to have the concentration of 58.7 ng/µl.

3.1.2. Optimisation of whole-mount in situ hybridisation
Freshly thawed 4 % para-formaldehyde (PFA) was used whenever possible to fix and
re-fix embryos as needed and all PFA incubations were followed by several washes
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with PBST solution. This was an attempt to prevent ‘swelling’ and darkening of
the yolk of the embryos that would decrease visibility of any staining close to it.
Stringent washes also followed the staining step, so as to prevent the yolk from being
stained arbitrarily as well as to reduce background staining. However, in certain
cases swelling of the yolk sac could not be completely avoided.

It should be noted that as homozygote embryos have a slower rate of development
compared to both wild type and heterozygote siblings, it was difficult to completely
differentiate between delayed expression and ectopic expression. Ectopic expression
was determined by comparing with both wild type control and heterozygote siblings,
while delayed expression was compared to preceding expression patterns in the wild
type control.
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3.1.3. Expression of rad21 gene
As seen in Figure 3.3, rad21 was ubiquitously expressed at both 12 hpf and 18 hpf
in the wild type embryos while in heterozygous embryo ubiquitous expression was
observed only at 12 hpf. At 18 hpf, the heterozygous embryo had rad21 expression
strongly localised to the head and trunk of the embryo, with less intense expression
in the posterior part, including the tail bud. Similar patterns of expression held true
for wild type embryos from 24 hpf to 36 hpf, with expression limited strongly to the
head region. Heterozygous embryos were found to exhibit comparable localisations
of rad21, although with less intensity. Homozygote embryos at all stages showed no
staining or expression of rad21, as expected.
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M N O

18 hpf

24 hpf

36 hpf

12 hpf

30 hpf

D E F

11/11 5/5 5/5

A B C

7/7 4/4 4/4

J K L

17/17 9/9 8/8

G H I

32/32 15/1516/16

20/20 11/11 8/8

wild type rad21 nz171-/-rad21 nz171+/-

Figure 3.3.: Expression of rad21 in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A,D,G,J and
M) wild type embryos were used as control. rad21 was expressed ubiqui-
tously in the wild type embryo at 12 hpf (A) and 18 hpf (D). (B, E, H,
K and N) heterozygote embryo, rad21nz171+/-, showed expression all
throughout the body at 12 hpf (B) but not at 18 hpf (E). Strong rad21
expression was limited to the head and trunk for wild type embryo at
24 hpf (G),30 hpf (J) and 36 hpf (M). Heterozygote embryos at the same
stages (H, K and N respectively) showed similar patterns of expression
but less intensely. (C, F, I, L and O) homozygote embryos showed no
rad21 expression.
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3.1.4. Expression of ankrd9 gene
No expression of the ankrd9 gene was observed during 12 hpf to 30 hpf for all embryos-
wild type, heterozygotes and homozygotes. ankrd9 expression was observed in the
lens for both wild type and heterozygote embryos at 36 hpf, as seen in Figure 3.4.
Embryos heterozygous for the mutated rad21 allele had less intense expression when
compared to the wild type, while homozygote embryos did not show any expression
in the lens, but faint expression in the spinal cord.

36 hpf

A

A1

B

B1 C1

C

29/29 14/14 12/12

l

sc

r

wild type rad21 nz171-/-rad21 nz171+/-

Figure 3.4.: Expression of ankrd9 in wild type, heterozygote and homozy-
gote rad21nz171 embryos at 36 hpf. (A, A1) wild type embryos were
used as control. ankrd9 expression was limited to the eye region, show-
ing expression in the lens. (B, B1) heterozygote embryo also showed
expression in the lens but with reduced intensity. (C, C1) homozygote
embryo showed no expression in the lens or the eye region, but did show
faint expression in the spinal cord area. (l, lens; sc, spinal cord).
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3.1.5. Expression of foxo3b gene
The expression of foxo3b was found to be ubiquitous at 12 hpf for wild type, het-
erozygous and homozygous embryo alike, as seen in Figure 3.5. Expression patterns
deviated from 18 hpf onwards, with heterozygote embryo resembling wild type expres-
sion primarily in the floor plate, embryonic eye and the otic vesicle, while homozygote
embryo showing expression in the floor plate region. This trend was consistent across
the subsequent time points in development. At 24 hpf, both heterozygous and wild
type embryo showed strong foxo3b expression in the eye region as well as posterior
mesoderm, unlike the homozygote embryo that had faint expression. Although the
homozygote embryo showed intense staining in the head and tail region at 30 hpf
and 36 hpf, expression of the heterozygote embryo closely resembled that of the wild
type, and was localised to the eye, forebrain, hindbrain and pectoral fin. Overall,
heterozygote embryos showed expression pattern similar to wild types.
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wild type rad21 nz171-/-rad21 nz171+/-

Figure 3.5.: Expression of foxo3b in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A,D,G,J and M)
wild type embryos expressed foxo3b ubiquitously at 12 hpf (A), followed
by the floor plate, embryonic eye and the otic vesicle (D) as well as
the posterior mesoderm (G) and the forebrain and hindbrain regions
(J, M). (B, E, H, K and N) heterozygote embryo, showed expression
comparable to wild type embryos consistently across all time points. (C,
F, I, L and O) homozygote embryos showed limited foxo3b expression
from 12 hpf to 24 hpf, but intense staining in the head and tail region at
30 hpf to 36 hpf. (fp, floor plate; fb, forebrain; hb, hindbrain; otv, otic
vesicle; pm, posterior mesoderm; pf, pectoral fin).
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3.1.6. Expression of has2 gene
As observed in Figure 3.6, has2 expression was more pronounced in the segmental
plate and adaxial cells at 12 hpf stage in wild type embryos compared to heterozygote
embryos. Homozygote embryos showed expression only at the segmental plate for the
same time point. Both wild type and heterozygote embryo had comparable expression
in the posterior most segmental plate and the tail bud region, but homozygote embryo
lacked any expression of has2 expression at 18 hpf. Homozygote embryos lacked any
has2 expression for the following time points, from 24 hpf to 36 hpf. Both wild type
and heterozygote embryos had has2 expression in the paraxial mesoderm of the tail
bud. Heterozygote embryos showed continued robust expression of has2 in the tail
bud region, unlike the wild type embryos at 30 hpf. At 36 hpf, wild type embryos
showed strong has2 expression at the atrioventricular precursor area. Heterozygote
embryos at the same developmental point also showed similar expression but at
reduced intensity. Overall, homozygote embryos lacked expression while heterozygote
and wild type embryos had comparable expression profiles, with the exception of
ectopic expression in the tail bud region at 30 hpf for heterozygote embryos.
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Figure 3.6.: Expression of has2 in wild type, heterozygote and homozygote
rad21nz171 embryos from 12 hpf to 36 hpf. (A,D,G,J and M) wild
type embryos expressed has2 in the posterior most segmental plate and
the adaxial cells at 12 hpf (A), as well as expression in the tail bud region
(D), the paraxial mesoderm (G, G1) and the atrioventricular precursor
region (M). (B, E, H, H1, K and N) heterozygote embryos, showed
expression comparable to wild type embryos with reduced intensity.
Ectopic expression, indicated by * in heterozygote embryo at 30 hpf was
observed in the tail bud region. (C, F, I, I1, L and O) homozygote
embryos had reduced expression at 12 hpf in the segmental plate area (C)
and subsequently lacked has2 expression altogether from 18 hpf to 36 hpf.
(* indicates ectopic expression in the tail bud area; ac, adaxial cells; avp,
atrioventricular precursor; pxm, paraxial mesoderm; sp, segmental plate;
tb, tail bud).
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3.1.7. Expression of pax2a gene
As seen in Figure 3.7, pax2a expression was found to be similar and consistent for all
three genotypes of embryos. Intense expression was localised to the optic primordium,
pronephric mesoderm and the eye region at 12 hpf. Further expression was observed
in the optic stalk, otic vesicle, midbrain-hindbrain boundary, spinal cord neurons
and pronephric duct at 18 hpf and was similar across all genotype. Diverging from
this trend, pax2a expression was noted in the caudal vein plexus in heterozygote
embryos at 24 hpf and in homozygote embryos in the same location. Hindbrain
neurons, pronephric duct were also found to be areas of pax2a expression for all
embryos. Unlike homozygote embryos, both wild type and heterozygote embryos
also showed expression in the hindbrain.
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Figure 3.7.: Expression of pax2a in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, G1, J
and M) wild type embryos expressed pax2a strongly in the general eye
region, optic primordium, pronephric mesoderm at 12 hpf (A) as well
as in the optic stalk, oic vesicle, midbrain-hindbrain boundary, spinal
cord neurons and the pronephric duct at 18 hpf (D), in addition to the
hindbrain neurons (G) at 24 hpf to 30 hpf (G and M respectively). (B,
E, H, H1, K and N) heterozygote embryos showed expression similar
to wild type embryos for all time points except at 24 hpf, showing ectopic
expression in the caudal vein plexus (H1). (C, F, I, I1, L and O)
homozygote embryos showed similar expression patterns, with the excep-
tion of 24 hpf (I1), showing ectopic expression in the caudal vein plexus.
(* indicate ectopic expression in the caudal vein plexus; cvp, caudal vein
plexus; hb, hindbrain; hbn, hindbrain neurons; mhb, midbrain-hindbrain
boundary; os, optic stalk; otv, otic vesicle; pd, pronephric duct; pnm,
pronephric mesoderm; scn, spinal cord neurons).
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3.1.8. Expression of s1pr1 gene
Expression of s1pr1 was found to be expressed in the forebrain region in the wild
type embryos at 12 hpf, while heterozygote embryos showed faint expression at the
same location (Figure 3.8). Homozygote embryos lacked s1pr1 expression at 12 hpf.
At 18 hpf, s1pr1 was also observed in the diencephalon and floor plate area of both
wild type and heterozygote embryos but homozygote embryos showed expression only
in the floor plate. In addition to floor plate and diencephalon, s1pr1 was observed in
the head blood vessels and neural tube in both wild type and heterozygote embryos
at 24 hpf. Homozygote embryo showed faint expression in the floor plate area. In
both wild type and heterozygous embryos at 30 hpf, s1pr1 was also observed in
the posterior lateral line ganglion and vasculature, including areas that give rise to
dorsal aorta and caudal vein plexus structures. Ectopic expression was observed in
the hindbrain area of the homozygote embryos. s1pr1 expression was enriched at
36 hpf in the brain, particularly the hindbrain, head blood vessels, neural tube and
vasculature areas for both wild type and heterozygote embryos.
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wild type rad21 nz171-/-rad21 nz171+/-

Figure 3.8.: Expression of s1pr1 in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, J and
M) wild type embryos expressed s1pr1 in forebrain area at 12 hpf (A),
as well as expression in the diencephalon, floor plate (D), the head blood
vessels, neural tube (G) posterior lateral line ganglion and vasculature
(J,M). (B, E, H, K and N) heterozygote embryos, showed expression
comparable to wild type embryos with reduced intensity. (C, F, I, L
and O) homozygote embryos had reduced expression at all stages, with
delayed expression, indicated by * in the hindbrain region at 30 hpf to
36 hpf as well as in the neural tube. (* indicate delayed expression in
the hindbrain; di, diencephalon; fb, forebrain; fp, floor plate; nt, neural
tube; pllg, posterior lateral line ganglion; v, vasculature).
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3.1.9. Expression of sema3ab gene
As seen in Figure 3.9, expression of sema3ab was limited to the rhombomeres and
the posterior somites at 12 hpf for both wild type and heterozygote embryos, with
reduced intensity in case of the latter. Homozygote embryos at the same stage
showed faint expression only at the rhombomeres. Expression in the somite and
eye area was observed at 18 hpf and later in the telencephalon and floor plate at
24 hpf, for both wild type and heterozygote embryos. Homozygote embryos showed
faint expression along the posterior somite at 18 hpf to 24 hpf. Expression in the
telencephalon and the eye remained in the later stages, limited to the pigmented
epithelium of the retina for wild type and heterozygote embryos at 30 hpf. sema3ab
expression was also noted in the caudal myotome and the intersegmental blood
vessels for all embryos, heterozygote and homozygotes alike. Additional expression
was found in the otic vesicle as well as the fourth ventricle of the brain in wild type
and heterozygote embryos at 36 hpf. Homozygote embryos showed no expression.
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Figure 3.9.: Expression of sema3ab in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, J and
M) wild type embryos expressed sema3ab in the rhombomeres and
somites at 12 hpf (A), as well as in the eye (D), floor plate, telencephalon
(G), pigmented epithelium of the retina, caudal intersegmental blood
vessels between somites (J), otic vesicle and the fourth ventricle of the
brain (M). (B, E, H, K and N) heterozygote embryos, showed expres-
sion similar to wild type embryos with reduced intensity. (C, F, I, L
and O) homozygote embryos had reduced expression at all stages and
continued expression in the isbv region at 30 hpf.(cm, caudal myotome;
fp, floor plate; fv, fourth ventricle; isbv, intersegmental blood vessel; otv,
otic vesicle; pe, pigmented epithelium; s, somite; te, telencephalon; r,
rhombomeres).
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3.1.10. Expression of sox9b gene
The expression of sox9b was found to be consistent for all embryos from 12 hpf to
18 hpf and was limited to the diencephalon, otic vesicle, neural crest cells, floor
plate and the tailbud, with the exception that tailbud expression was reduced in
heterozygote and homozygote embryos compared to wild type embryos, possibly a
result of direct regulation of sox9b by cohesin in the tailbud tissue. Expression was
prominent in the rhombomeres, eye and forebrain for both wild type and heterozygote
embryos at 24 hpf, while homozygote embryos only had faint expression. In wild
type embryos at 30 hpf, rhombomeres 1-6 showed robust expression as seen in J,
Figure 3.10, heterozygote embryos showed similar but less intense expression unlike
the homozygote embryos that lacked any distinct expression. Similar trends in
expression was observed for all embryos at 36 hpf.

35



eye

eye

eyefb

r

r

r

fb

pf

ncc

fp otv

ncc

*

*

*tb

otv

di

di18 hpf

24 hpf

30 hpf

36 hpf

12 hpf

12/12 5/5 5/5

9/9 4/4 3/3

11/11 5/5 4/4

20/20 7/710/10

28/28 12/12 12/12

A B C

J K L

M N O

G H I

D E F

wild type rad21 nz171-/-rad21 nz171+/-

Figure 3.10.: Expression of sox9b in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, J and
M) wild type embryos expressed sox9b strongly in the brain, otic vesicle,
neural crest cells and the tailbud at 12 hpf (A). Strong expression was
also found in the eye, forebrain, rhombomeres (G) and the eye region
(J, M). (B, E, H, K and N) heterozygote embryos, showed expression
similar to wild type embryos with reduced intensity, differing from
this pattern at 12 hpf. (C, F, I, L and O) homozygote embryos had
reduced expression primarily at 30 hpf to 36 hpf, and limited expression
in the tailbud region at 12 hpf.(* indicate lack of expression in tailbud
and rhombomeres; di, diencephalon; fp, floor plate; fb, forebrain; ncc,
neural crest cell; otv, otic vesicle; pf, pectoral fin; r, rhombomeres; s,
somite; tb, tailbud).
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3.1.11. Expression of wnt3a gene
In wild type embryos at 12 hpf, wnt3a expression was localised to the midbrain,
hindbrain and the tail bud region and was consistent across both heterozygote and
homozygote embryos, with heterozygote embryos showing a more intense expression
than both wild type and homozygotes (Figure 3.11). Similar expression patterns were
observed at 18 hpf, with strong expression in diencephalon, mesencephalon and the
tail bud region. At 24 hpf, both wild type and heterozygote embryos showed strong
wnt3a expression in the epithalamus and midbrain area, as well as in migrating
neural crest cells. Homozygote embryos, on the other hand, showed faint expression
in the midbrain and neural crest cells, and continued this expression pattern from
30 hpf to 36 hpf. Heterozygote embryos had continued ectopic expression of wnt3a
in the cerebellum and rhombencephalon at 30 hpf to 36 hpf, in contrast to the wild
type expression that was limited to only the midbrain and epithalamus. Expression
in the tail bud region in particular was lost in homozygote embryos.
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Figure 3.11.: Expression of wnt3a in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, J and
M) wild type embryos expressed wnt3a strongly in the midbrain, hind-
brain, tail bud region at 12 hpf (A) as well as in diencephalon and
mesencephalon at 18 hpf (D), in addition to the midbrain-hindbrain
boundary, epithalamus and neural crest cells (G). (B, E, H, K and
N) heterozygote embryos showed expression similar to wild type em-
bryos for all time points except at 30 hpf to 36 hpf, showing ectopic
expression in cerebellum and rhombencephalon (K and N respectively).
(C, F, I, L and O) homozygote embryos showed reduced expression
of wnt3a across all time points. In particular, expression in the tail bud
region was lost across all time points after 18 hpf. (* indicate ectopic
expression in heterozygote embryos; ce, cerebellum; di, diencephalon;
et, epithalamus; mb, midbrain; mhb, midbrain-hindbrain boundary;
me, mesencephalon; ncc, neural crest cells; rb, rhombencephalon; tb,
tail bud ).
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3.1.12. Expression of wnt7ba gene
Expression of wnt7ba was found to be consistent across all embryos (Figure 3.12)
at 12 hpf to 18 hpf and localised in the diencephalon. Expression was also found
in the mesencephalon area of the embryonic brain, but was faint in heterozygotes
and absent in homozygotes at 18 hpf. Wild type embryos at 24 hpf showed strong
expression in both telencephalon and midbrain, while heterozygote embryos showed
strong expression in telencephalon but weaker expression in the midbrain, similar
to homozygotes that lacked midbrain expression completely. Heterozygote and wild
type embryos showed consistent expression in the cerebellum and pectoral fin in
addition to telencephalon, while homozygotes had no expression in the entire embryo
from 30 hpf to 36 hpf.
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Figure 3.12.: Expression of wnt7ba in wild type, heterozygote and homozy-
gote rad21nz171 embryos from 12 hpf to 36 hpf. (A, D, G, J and
M) wild type embryos expressed wnt7ba strongly in the diencephalon
and mesencephalon at 12 hpf to 18 hpf (A, D respectively) as well as
in telencephalon and midbrain at 24 hpf (D), in addition to cerebellum
and pectoral fins (G). (B, E, H, K and N) heterozygote embryos
showed expression similar to wild type embryos for all time points
except at 24 hpf and less robust expression in the midbrain (H). (C,
F, I, L and O) homozygote embryos showed lacked expression of
wnt7ba in the midbrain region (I) and lacked expression throughout the
body afterwards. (ce, cerebellum; di, diencephalon; mb, midbrain; me,
mesencephalon; pf, pectoral fin; tb, tail bud; te, telencephalon).
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Overall, wild type embryos and heterozygote embryos showed similar spatiotem-
poral expression patterns, although heterozygote embryos in general showed less
robust expressions. Taking into account the rad21 expression observed in Figure 3.3,
differences in the strength of expression for the genes studied reflects the amount
of rad21 mRNA available to be a factor in gene expression, as the expression of
rad21 was found to be consistent for both heterozygote and wild type embryos. This
further highlights the dosage-dependent nature of cohesin mediated regulation of
gene expression.

Table 3.1.: Summary of overall expression in whole-mount in situ hybridization of
embryos for ankrd9, foxo3b, has2, s1pr1, sema3ab, sox9b, pax2a, wnt3a
and wnt7ba. +++ indicate strong expression, ++ moderate expression,
+ indicate weak expression and - indicate complete lack of expression.

Gene Wild type Heterozygote Homozygote
Delayed/Ectopic
Expression

ankrd9 +++ ++ -
foxo3b +++ +++ +
has2 +++ ++ - Heterozygotes,

tail bud area
at 24 hpf

pax2a +++ +++ ++ Heterozygotes,
caudal vein
plexus; Ho-
mozygotes,
caudal vein
plexus

s1pr1 +++ ++ +
sema3ab +++ ++ -
sox9b +++ ++ +
wnt3a +++ +++ + Heterozygotes,

rhombencephalon
wnt7ba +++ ++ +
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3.2. Bioinformatic Profiling of Genomic Areas with
Respect to Genes of Interest

The aim of carrying out bioinformatic analysis of the genomic area surrounding
the genes of interest was to identify putative topologically associated boundaries
using CTCF binding sites as well similar histone modification enrichment. H3K4me1,
H3K4me3 and H3K27ac have been found to be enriched around boundaries and
were therefore used to ascertain domain boundaries. H3K4me3 also marks promoters
while H3K4me1 and H3K27ac are associated with enhancers. In addition to these
markers, cohesin-binding sites were also included to identify if the genes of interest
were cohesin binding genes using the tool GREAT [82] as seen in Table 3.2. has2
and wnt7ba were found to be the exceptions to cohesin-binding, with the nearest
cohesin binding site 177 kb and 7.8 kb away respectively. This likely indicates that
has2 expression is not directly regulated by cohesin.

Table 3.2.: Nearest cohesin binding relative to distance to transcription start site
(TSS) for genes of interest.

Gene Rad21 peak distance to TSS (kb) Direction

ankrd9 0.5 upstream
foxo3b 0.1 upstream
has2 177.0 upstream
pax2a 0.8 upstream
s1pr1 1.6 downstream
sema3ab 0.1 upstream
sox9b 1.0 upstream
wnt3a 3.0 upstream
wnt7ba 7.8 upstream

The nature of cohesin binding were then put in context of domain boundaries,
where most of the genes under study were found to be isolated in distinct domains
away from any surrounding genes. Contrary to this trend, ankrd9 was found to be
part of a larger putative domain (Figure 3.13) along with rcor1 and tecpr2. Both of
these genes were found to be down-regulated in microarray dataset, similar to ankrd9.
Regions within the domain were also found to be enriched for both H3K4me1 and
H3K27ac, indicating to possible enhancer-promoter interaction within the domain.
Similarly, s1pr1 was found to be part of a larger domain along with the genes serpinc1
and zbtb37 (Figure 3.17), of which only serpinc1 was found to be down-regulated in
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the microarray. wnt7ba was also found within a similarly large TAD (Figure 3.21),
with atxn10 which was also down-regulated in the microarray.

Of the genes under study, foxo3b was found to be the only gene in the putative
domain Figure 3.14 and showed no specific methylation or acetylation pattern for
enhancers. has2 (Figure 3.15) was found in a large TAD with some areas indicating
putative enhancer regions, similar to pax2a (Figure 3.16). sema3ab could not be
associated with any particular TAD (Figure 3.18), but could likely be a part of
smaller TAD/sub-TAD that would be clearer at higher resolution. Similarly, sox9b
analysis encountered problems with chromosome capture output, possibly a result of
the position of the gene being at the end of the chromosome arm and as such, no Hi-C
data was found in the region of the gene at 10 kb resolution (Figure 3.19). wnt3a
was identified to likely belong to a TAD that would be clearer at higher resolution,
with no distinct enhancer marks within that TAD (Figure 3.20).

43



Chromosome 17

CTCF at 10 hpf
A

29.27 Mb 29.42 Mb

B 10 kb

24
 h

pf

Rad21 at 10 hpf

H3K4me3
H3K4me1

H3K27ac

Figure 3.13.: Representation of the genomic area surrounding the ankrd9
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
17, between 29.27 Mb and 29.42 Mb. (B) Hi-C contact map produced
for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.
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Figure 3.14.: Representation of the genomic area surrounding the foxo3b
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
20, between 32.28 Mb and 32.41 Mb. (B) Hi-C contact map produced
for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.

45



Chromosome 16

10 kb

CTCF at 10 hpf
A

B

Rad21 at 10 hpf

17.71 Mb 17.85 Mb

H3K4me3
H3K4me1

H3K27ac

24
 h

pf

Figure 3.15.: Representation of the genomic area surrounding the has2
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
16, between 17.71 Mb and 17.85 Mb. (B) Hi-C contact map pro-
duced for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.

46



Chromosome 13

CTCF at 10 hpf
A

B

Rad21 at 10 hpf

H3K4me3
H3K4me1

H3K27ac

10 kb

29.94 Mb 30.08 Mb

24
 h

pf

Figure 3.16.: Representation of the genomic area surrounding the pax2a
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
13, between 29.94 Mb and 30.08 Mb. (B) Hi-C contact map produced
for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.
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Figure 3.17.: Representation of the genomic area surrounding the s1pr1
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
22, between 17.71 Mb and 17.85 Mb. (B) Hi-C contact map produced
for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.
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Figure 3.18.: Representation of the genomic area surrounding the sema3ab
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
18, between 87.90 Mb and 89.40 Mb. (B) Hi-C contact map produced
for the region at 24 hpf at 10 kb resolution along with H3K4me1,
H3K4me3 and H3K27ac patterns.
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Figure 3.19.: Representation of the genomic area surrounding the sox9b
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
3, between 63.10 Mb and 63.26 Mb. (B) Hi-C contact map produced for
the region at 24 hpf at 10 kb resolution along with H3K4me1, H3K4me3
and H3K27ac patterns.

Chromosome 2

CTCF at 10 hpf
A

B

Rad21 at 10 hpf

H3K4me3
H3K4me1

H3K27ac
10 kb

24
 h

pf

35.00 Mb 36.80 Mb

Figure 3.20.: Representation of the genomic area surrounding the wnt3a
gene. (A) Location of CTCF and Cohesin binding at 10 hpf, between
35.00 Mb and 36.80 Mb. (B) Hi-C contact map produced for the region
at 24 hpf at 10 kb resolution along with H3K4me1, H3K4me3 and
H3K27ac patterns.
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Figure 3.21.: Representation of the genomic area surrounding the wnt7ba
gene. (A) Location of CTCF and Cohesin binding at 10 hpf with
respect to gene location in wild type zebrafish embryo for Chromosome
2, between 17.74 Mb and 17.82 Mb. (B) Hi-C contact map produced for
the region at 24 hpf at 10 kb resolution along with H3K4me1, H3K4me3
and H3K27ac patterns.
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Overall, with the exception of has2 and wnt7ba, the remaining genes ankrd9,
foxo3b, s1pr1, sema3ab, sox9b, pax2a and wnt3a were all identified as cohesin-binding
genes. ankrd9, s1pr1 and wnt7ba were found to belong to TADs along with other
genes that are similarly regulated, indicating to a possible TAD-specific expression
profile. foxo3b, has2 and pax2a were the only genes in their respective putative TAD
region. No distinct TAD regions could be associated with wnt3a, sema3ab and sox9b.
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4. Discussion

In addition to its function in maintaining sister-chromatid cohesion during cell
division, cohesin have been shown to play a role in regulating gene expression. The
zebrafish model, rad21nz171, containing a mutated copy of the rad21 allele, has proven
to be highly useful in demonstrating the role of cohesin in development. It was
using this model that the cohesin-dependent regulation of runx1 and runx3 was first
brought to light [34]. Furthermore, given that zebrafish heterozygous for the mutated
rad21nz17.1 allele appear to be phenotypically similar to their wild type siblings, this
model offers an opportunity to study gene expression patterns in developing embryos
to better understand how patients with mutations in cohesin and associated genes
exhibit their clinical phenotypes in cohesinopathies and other diseases.
The focus of this project was to identify if the expression profiles of some of the

genes dysregulated in embryos injected with Rad21 morpholinos varied amongst wild
type, rad21nz17.1 heterozygotes and homozygotes. Whole-mount in situ hybridisation
was carried out for nine genes, ankrd9, foxo3b, has2, pax2a, sema3ab, s1pr1, sox9b,
wnt3a and wnt7ba, as well as for rad21, on embryos produced from the incross of
adult heterozygote rad21nz171 zebrafish. In an effort to understand the state of the
chromatin around the genes of interest, bioinformatic analysis using publicly available
datasets were also carried out.

The key finding in this project was the subtle difference in intensity of expression
for most of the genes of interest between wild type and heterozygous embryos. In
heterozygote embryos, with the exception of has2, pax2a and wnt3a that showed
ectopic expression at 24 hpf, the majority of the genes were expressed in a similar
manner to wild type control, albeit at a reduced intensity. This was interesting as
heterozygotes are indistinguishable from their wild type siblings. This is further
illustrated by the nearly identical expression of rad21 between them, albeit at
differing intensity not location, especially when compared with the lack of expression
in homozygotes (Figure 3.3). In contrast to the expected haploinsufficiency in
heterozygotes, this indicates that one copy of the wild type rad21 allele is sufficient
to bring about normal expression of most of the genes during development, but not at
levels found in wild type embryos. This is in line with previous findings where ascl1a
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and ascl1b, two pro-neuronal genes strongly expressed during development were
significantly reduced in heterozygote rad21nz17.1 embryos [34]. Homozygous mutant
rad21nz17.1 embryos exhibited expression of some of the genes under study, namely
foxo3b, pax2a, s1pr1, sox9b, wnt3a and wnt7ba, at least upto 24 hpf. This likely
reflects that Rad21 protein and mRNA is maternally inherited and only becomes
completely depleted by 24 hpf. Immunoblotting of Rad21 protein in homozygotes
demonstrated that Rad21 protein was present in the embryo at 18 hpf [34].

Bioinformatic analysis of the genome also revealed that in wild type zebrafish, with
the exception of has2 and possibly wnt7ba all other genes were cohesin-binding genes
at 10 hpf, and appear to be constrained in regions of sub-TADs. Methylation and
acetylation patterns also identify similar regions to be potential domain boundaries
and indicate to the two-fold role of cohesin in regulating gene expression during
development. On one hand cohesin, in a dosage sensitive manner in heterozygotes,
could regulate gene expression possibly by altering the rate of RNA Polymerase
II pausing which would explain the reduced levels of expression. On the other
hand, cohesin or lack of cohesin, could also influence gene expression by reducing
contacts between different parts of the genome and allowing for other contacts to
be established, resulting in ectopic expression of some genes but not others. As a
result, cohesin is able to regulate gene expression in a dosage-sensitive, tissue-specific
manner, particularly for has2, pax2a and wnt3a. It is important to point out that
ectopic expressions was observed predominantly in the tailbud region and for genes
that appear to be within larger TADs. The tailbud region includes a collection of
progenitor cells that continue to differentiate and move to different parts of the
developing embryo and give rise to structures such as vasculatures and spinal cord
[83]. Local signaling factors such as Wnt signaling, have been shown to attune the
fate of the progenitor cells in this region, making the occurence of ectopic expression
in this area rather intriguing meriting closer inspection.

4.1. RNA polymerase II pausing and gene expression
RNA polymerase II (Pol II) is among one of the most highly regulated enzymes in
the eukaryotic cell. Gene regulation by transcription control involves recruitment
of Pol II to promoter of genes, following which a temporary halt in transcription is
brought about by negative elongation factor, NELF and DRB sensitivity-inducing
factor, DSIF approximately 100 nucleotides downstream of the transcription start site
[84]. Transition from pausing to elongation is carried out by positive transcription
elongation factor, p-TEFB often in conjunction with transcription factors such as
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c-Myc [85], which incidentally is also positively-regulated by cohesin [75]. This
transition from proximal-promoter pausing to elongation is an important point
during transcriptional regulation, and has been found to be influenced by cohesin.
When cohesin is depleted, proximal-promoter pausing has been reported to occur
with greater frequency in cohesin-binding genes than genes that lack cohesin [62],
indicating that cohesin can directly increase transition from paused to elongation.
While the exact mechanism of this transition is not clear, it does mean that cohesin-
bound genes have a higher rate of transition to elongation and therefore greater
quantity of transcripts compared to non-bound genes. Indeed, the average rate of
production of steady-state mRNA from cohesin-binding genes was found to increase
with increase in cohesin levels compared to non-binding genes [62], further pointing
to a dosage-sensitive modus operandi of cohesin. This could explain the reduction in
expression of cohesin-binding genes observed in WISH of heterozygote rad21nz17.1

embryos compared to wild type embryos despite being normal in phenotype.
It is possible that there exists stoichiometric relationship between cohesin and

Pol II pausing, whereby cohesin could hinder transition to elongation for genes it
represses. Depletion of cohesin in Drosophila revealed that although Pol II pausing
at promoters of the bbg and trl genes did not decrease, transcript levels of the genes
were changed [64], further pointing to a step involved in this transition of Pol II that
could be regulated by cohesin. In contrast, mutant cohesin in CdLS patients have
shown to negatively affect both initiation of Pol II transcription as well as elongation
[66], highlighting the dual role of cohesin in both expressing and repressing gene
transcription during development. Furthermore, Pol II pausing has been noted to
occur at intragenic CTCF-cohesin binding sites in Kaposi’s Sarcoma-Associated
Herpesvirus (KSHV), and disruption of pausing at this site has been linked to
aberrant mRNA production as well as loss of cohesion between sister chromatids [86].
It is also possible that cohesin could facilitate enhancer-promoter looping by virtue
of its role in forming chromatin loops, whereby transcription factors and activators
would be recruited to induce transition of paused Pol II. Cohesin and mediator
are known to physically interact with each other and occupy active enhancers and
promoters, further enabling recruitment of transcription factors [59] such as a key
regulator of cell proliferation, c-Myc which cohesin also positively regulates. c-Myc
plays a direct role in enabling release of the paused Pol II during transcription.
There is a strong possibility for cohesin to mediate Pol II transition from pausing
via transcription factor axis such as c-Myc.

In discussing possible regulation of Pol II pausing by cohesin via transcription
factors, it is important to note that foxo3b, a Forkhead box O (FOXO) transcription
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factor, was found to be up-regulated in response to cohesin depletion by approxi-
mately two fold in Rad21 morphants. foxo3b has been recently found to negatively
regulate Wnt signalling pathways during zebrafish embryogenesis by directly in-
hibiting transcriptional activities in the signalling pathway [87]. It has also been
identified to negatively regulate transcription factors of hematopoiesis, gata1 and spi1
expression [88]. The mammalian ortholog of the zebrafish foxo3b, Foxo3, has been
shown to induce Pol II recruitment as well as bind to enhancers in existing chromatin
loops between Foxo3 bound distal regions and regulated genes [89]. Cohesin could
directly regulate foxo3b expression and indirectly regulate expression of genes such
as wnt3a, a cohesin-binding gene and wnt7ba, a non-binding gene, positioning itself
as a master regulator, as illustrated in Figure 4.1.

Cohesin

Foxo3b

wnt7ba

wnt3a

foxo3b

Negative 
regulation

Positive regulation of 
wnt3a

Foxo3b transcription factor 
supresses wnt3a and wnt7ba 
expression

Figure 4.1.: Possible model of cohesin mediated regulation of foxo3b and
subsequent regulation of wnt3a and wnt7ba. Depletion of cohesin
results in over-expression of foxo3b, indicating that it acts as a direct neg-
ative regulator of foxo3b. Foxo3b, acting as a transcription factor, could
inhibit Wnt-signalling pathways. As a result when cohesin is depleted,
foxo3b is over expressed and leads to reduction in wnt3a and wnt7ba,
the latter of which is not a cohesin-binding gene, indirectly regulating
them. Cohesin could also directly regulate only wnt3a expression, as
depletion of cohesin leads to down-regulation of wnt3a.
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4.2. Cohesin depletion and TAD structures: Effect on
gene expression

While regulation of Pol II pausing by cohesin could explain decreased levels of gene
expression in heterozygous embryos as a response to decreased levels of cohesin
and therefore lower levels of transcript bodies, ectopic expression could also be
an outcome of the role cohesin plays in creating chromatin loops under normal
circumstances. Thus far, depletion of cohesin has been followed by reduction in
TADs while compartments remain intact [90, 51]. Rao and colleagues [91] found
that depletion of cohesin while not leading to widespread ectopic gene expression,
did affect a small portion of genes, and also led to loss of loop domains. Similar
findings were also reported when depletion of cohesin led to reduction in long range
interactions between cohesin-bound sites and created alternate interactions, resulting
in up-regulation of previously down-regulated genes and vice versa [92]. While
TADs appear to be highly conserved between different cell types and species, the
interactions within TADs are cell-type specific [93]. This could be a potential way
for cohesin to regulate gene expression in distinct cell populations. For instance,
has2 expression was found to be ectopically expressed in the paraxial mesoderm
of the tailbud region in heterozygote embryos. In wild type zebrafish embryo at
24 hpf, has2 appear to no longer be in the same TADs at 8 hpf as at 24 hpf (not
shown). This could be a driving force behind the tissue-specific expression of has2,
as has2 expression gets switched from tailbud region to atrioventricular precusors
which ultimately give rise to the embryonic heart derived from the lateral mesoderm.
It is therefore possible for heterozygotes to have different, alternate contacts within
the chromosome and result in continued ectopic expression of has2 in the tailbud
region at 30 hpf.

Similarly, pax2a gene showed ectopic expression in the caudal vein plexus region in
heterozygotes and homozygotes at 224 hpf. Cohesin-bound pax2a was also found to
be in dynamic TAD structure from 8 hpf to 24 hpf, further pointing to the possibility
that depletion of cohesin affects pax2a expression and leads to the loss of tissue-
specific TAD structures. It is also possible that the TAD structures in the caudal
vein plexus cells under normal circumstances would enable cohesin to repress pax2a
expression in a tissue-specific manner. However, ectopic expression of wnt3a in the
rhombencephalon at 36 hpf could be an indirect effect of up-regulation of foxo3b in
response to cohesin depletion and the associated interactions of the transcription
factor with the gene itself. Faure and colleagues, [94] found that when comparing
between wild type and rad21 -cohesin haploinsufficient mouse livers, cohesin helped to
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stabilize large protein-DNA complexes, similar to those between transcription factors
and promoters. Thus cohesin could, directly or indirectly, play a role in shaping the
interactions between Foxo3b and its target genes in tissue-specific manner.

4.3. Consequences of cohesin-dependent gene
dysregulation

Of the genes studied in this project, ankrd9 has been the most poorly characterized
vertebrate gene. Not much is known about this gene, especially in zebrafish. Hao
and colleagues [95] found ankrd9 to be among a list of estrogen target genes during
zebrafish embryonic development, which raises the possibility that ankrd9 expression
could be regulated by cohesin in similar manner to other estrogen-responsive genes
such as, PI3K and ErdB1 [96]. While only limited to the lens, what is known
of Ankrd9 is that it is also associated with tumor suppression in some cancers
and its depletion accelerates tumor progression [97]. Another study involving mice
with depleted Ankrd9 found it to be involved in some form of post-translational
modifications of the ATPase ATP7A [98]. Although it is difficult to hypothesise the
effect down-regulation of ankrd9 could have on rad21 embryos, it should be noted
that one of the primary differences observed between homozygotes and their siblings
is the lack of lens development, pointing to a possible role of ankrd9 in zebrafish.

As mentioned earlier, cohesin could regulate foxo3b expression and therefore affect
expression patterns of Wnt signalling genes. The Wnt family genes belong to an
interesting group of signalling molecules. They have been identified to play important
roles in cell fate determination, cell proliferation as well as neural crest development
[99]. It should be noted that the mammalian orthologWnt3A is a known oncogene and
when knocked-down in glioma-derived stem cells, leads to decreased cell proliferation
and chemo-resistance [100, 101], two aspects which are often found to be highly
increased in cancers with Rad21 over-expression. Interestingly enough, SMC3, one of
the cohesin subunits has been found to be a target for the Wnt/β-catenin signalling
pathway, leading to SMC3 over-expression [102]. The Wnt/β-catenin signalling is also
crucial for cardiac development in zebrafish, with wnt3a stimulation being shown to
stimulate mesoderm induction which in turn, via negative feedback loop suppresses
the Wnt signalling pathway [103]. This increases cardiac differentiation during the
early stages of development and at later stages, help determine the appropriate size
of the heart [103]. Further illustrating the complex web of effect, previous studies
in rad21 depleted zebrafish embryos found a cardiac neural crest origin for heart
defects observed in cohesinopathies [77]. Given that wnt3a plays a role in neural
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crest development as well as cardiac differentiation, and is also one of the genes
down-regulated when cohesin is depleted, it would not be a stretch to identify it as
at least one of the genes involved in the cardiac defects observed in cohesinopathies.

Another gene likely to be involved in the manifestation of cardiac defects in cases
of cohesinopathy could be has2. has2 has been found to play a role in cardiac valve
formation [104] via the production of cardiac jelly and endocardial cushioning in
zebrafish [105]. In zebrafish the extracellular matrix or cardiac jelly accumulates
at the atrioventricular canal and forms heart valves [106]. Furthermore, migratory
defects of cells was also observed during gastrulation in zebrafish embryos [107],
possibly a reason for the heart looping defect observed in the rad21nz17.1 homozygotes.
In addition to its role in cardiac valve formation, has2 has also been shown to aid in
the progression of tumor cells in bones [108].

Belonging to the Semaphorin family, sema3ab was another gene that was found to
be down-regulated in Rad21 morphants, and while it only showed reduced expression
intensity in heterozygotes, it nonetheless plays an important role in guiding the
cranial neural crest cell migration [109]. In vertebrates, the migration pattern of
cranial neural crest cells eventually determines the craniofacial and pharyngeal
morphology [110]. Different members of the Sema family, including Sema3A, the
human ortholog of sema3ab have been found to play key roles in controlling cell
migration of other types, including interneurons arising from basal telencephalon to
striatal and cortical zones of the brain as well as guide axons in the central nervous
system [111]. Again, given the mental developmental delay observed in patients as
well cranio-facial abnormalities, it is possible that sema3ab could also lead to such
presentations. Furthermore, Sema3A has been identified as a tumor supressor and at
decreased levels is associated with poor prognosis in gastric carcinoma [112], one of
the many genes that could potentially be involved in further complications observed
in cohesinopathies.
Another migration-related gene that was found to be down-regulated in rad21

morphants, and express in similar patterns in heterozygotes was s1pr1. Incidentally,
zebrafish lacking s1pr1 have been observed to die of cardiac defects [113], as expected
of a gene involved in angiogenesis [114] and embryonic vascular patterning [115]. In
human ovarian cancer cells, Rad21 has been found to bind to the S1pr1 gene similar
to that observed in zebrafish, and encourage migration and invasion by cancer cells
in conjunction to the mutated tumor protein, p53 recruitment of Rad21 [116].

Recent literature suggest sox9b expression to be governed by cohesin and its role
in shaping TADs. This can be observed in the lack of expression in the tailbud
region of heterozygote and homozygote embryos at 12 hpf, identifying a direct role
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of cohesin in regulating tissue-specific expression. Smyk and colleagues [117] found
that the chromatin boundaries of Sox9 locus were evolutionarily conserved and that
domain interacted with regulatory elements, similar to how cohesin could facilitate
interaction within a domain. It should be noted that sox9b is a cohesin-binding gene
and thus its expression could be regulated in a combination of attenuating Pol II
pausing and ensuring interactions between enhancers and promoters and associated
transcription factors. In zebrafish sox9b has been identified as a key regulator of
hepatopancreatic duct development [118]. Additionally, up-regulation of Sox9 have
also been reported to be a driving factor in conferring endocrine resistance to breast
cancer cells undergoing tamoxifen treatment, drawing an interesting parallel to the
over-expression of Rad21 in some breast cancer cells and the chemo-resistance it is
associated with [119].

The ectopic expression of pax2a gene in heterozygotes and homozygotes, points to
the tightly regulated expression of the developmental control gene and the unexpected
effect cohesin depletion can have on it. In addition to being crucial in development of
kidney, ear, thyroid and eye, Pax2 has been implicated to play a role in tumorigenesis
due to its anti-apoptotic function [120]. Decrease in Pax2 levels have been associated
with growth inhibition and cell death [121]. Pax2 was found to be activated by
estradiol or estrogen in breast cancer cell lines [122], again raising the possibility of
cohesin regulating its transcription similar to other estrogen-responsive genes.
The other Wnt-signalling gene studied in this project was the wnt7ba gene, the

zebrafish ortholog to the mammalian Wnt7B. wnt7ba was found not to be a cohesin-
binding gene, and could likely be down-regulated by nearly two folds (Table 1.1)
indirectly by cohesin. In zebrafish, both wnt3a and wnt7ba are found to have
overlapping expression patterns in neural progenitor zones [123], particularly the
telencephalon and midbrain as seen in Figure 3.11 and Figure 3.12 respectively. This
localisation is supported by existing literature illustrating the role of wnt-signalling
in differentiation of neuronal [99] and post-embryonic hypothalamic progenitors
[124]. Given the clinical presentations of mental developmental delays observed in
patients with cohesinopathies, it is likely that they are a result of the dysregulation
of wnt-signalling pathway brought on by reduced levels of cohesin. Wnt7B was found
to be down-regulated in gliomas [100], and as an important determining factor of the
Wnt/β-catenin signalling pathway in pancreatic adenocarcinoma [125]. Both glioma
and pancreatic adenocarcinoma are types of cancers where mutations in cohesin
subunits are also found [126, 127].
Cohesin could directly regulate expression of foxo3b, sox9b, pax2a and indirectly

regulate wnt3a, wnt7ba, creating a web of control of gene expression. Taken together,
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the dysregulation of these genes suggest a pattern of abnormal developmental pro-
cesses that are often found in patients with cohesinopathies and different forms of
cancer and thus merits a closer inspection of the role cohesin plays in their regulation.
A cursory look of transcriptome data available for cells derived from severe cases of
CdLS [31], showed a similar pattern of expression with up-regulation of Foxo3b and
down-regulation of Ankrd9, Has2, Pax2, Wnt7B, Sox9, S1pr1, Sema3A and Wnt3A,
although they were not found to be significant (p-value >0.05). This could further
indicate that subtle changes in gene expression are more likely to be seen in less
severe phenotypes, similar to the heterozygote embryos in this study.
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5. Future Directions

In order to completely understand the role cohesin plays in regulating gene expression
during development, a substantially larger volume of data on interactions within
TADs and regulatory elements in presence and reduction of cohesin needs to be
obtained. Ideally this would involve carrying out Hi-C experiments that would allow
for both detection of chromatin interactions and sequencing of regions of interest
[128]. Following sequencing, these regions should be assayed using enhancer-traps in
zebrafish embryos to validate the nature of these regulatory elements. CRISPR/Cas9
system could also be used to disrupt cohesin binding sites that form the boundaries
of TADs which consist of cohesin-binding genes. This could help tease out the finer
details of cohesin-dependent gene regulation, particularly for genes that exist in
dynamic TADs such as has2 and pax2a.
Given that heterozygote rad21nz171 embryos are phenotypically indistinguishable

from their wild type siblings, longitudinal study of existing adult heterozygotes could
be carried out in terms of behavioural changes and mortality due to tumor growth
and compared to wild type siblings of the same clutch. This could help shed light on
if heterozygotes are more likely to have poor prognosis with age for diseases such
as cancer. Whole-mount in situ hybridisation of other available cohesin subunit
mutants could also be carried out to observe if all cohesin mutants result in similar
gross overall differences in expression.
The genes studied in this project could also be compared to a variety of existing

transcriptome data of patients suffering from cohesinopathies to identify similarities
in expression patterns, covering differences in severity and nature of mutations.
In addition, the cohesin-foxo3b-wnt signalling interaction should also be looked
at closely, including ChIP sequencing for foxo3b transcription factors in cohesin
mutants.
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6. Conclusion

Overall, the expression patterns support the fold change observed in cohesin-depleted
embryos. Rad21 and by proxy, cohesin regulates the expression of has2, pax2a and
wnt3a in a tissue-specific, dosage-sensitive manner and decrease in cohesin levels
brings about ectopic expression in heterozygote rad21nz17.1 embryos. Cohesin could
indirectly regulate wnt3a and wnt7ba expression possibly by directly regulating
foxo3b expression. It was also found that cohesin regulates expression of sox9b in
a tissue-specific manner in the tailbud region. Further indicating to the dosage-
sensitive nature of gene regulation by cohesin was that heterozygotes while being
morphologically identical to wild type embryos had differences in gene expression,
while homozygote embryos lacked expression for most parts despite having some
cohesin in the early stages of development.
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A. Protocols

All chemicals used were of analytical grade. All solutions and dilutions were prepared
using deionised UltraPureTM DNase/RNase-free distilled water (Life Technologies).
For the purpose of this thesis, the following genes are referred to whenAll chemicals
used were of analytical grade. All solutions and dilutions were prepared using
deionised UltraPureTM DNase/RNase-free distilled water (Life Technologies). For
the purpose of this thesis, the following genes are referred to when the term ‘genes
of interest’ is used.

A.1. Protocol I: RNA Isolation using the
NucleoSpin® RNAII Kit

1. Following breeding, wild-type embryos were collected at 36 hpf into 1.5 ml
eppendorf tube. Excess 1x E3 was removed and the embryos homogenised by
passing through a 0.9 mm syringe needle.

2. 350 µl of Buffer RA1 and 3.5 µl of β-mercaptoethanol (β-ME) was added to lyse
the sample.

3. The mixture was loaded into the NucleoSpin® Filter and centrifuged for 1 min
at 11,000x g.

4. The flow-through was transferred to a fresh 1.5 ml eppendorf tube, where 350 µl
of 70 % ethanol was added and mixed by vortexing.

5. In order to bind RNA, the lysate was loaded into the NucleoSpin® RNA
Column placed in a collection tube and centrifuged for 30 s at 11,000x g.

6. The column was then placed into a fresh collection tube, and 350 µl Membrane
Desalting Buffer (MDB) added. It was then centrifuged at 11,000x g for 1 min.

7. To digest DNA in the sample, DNase reaction mixture was prepared by adding
10 µl of reconstituted rDNase (Invitrogen) to 90 µl of reaction buffer for rDNase.
95 µl of the DNase reaction mixture was then applied to the membrane of the
column and incubated at room temperature for 15 min.

8. To inactivate the rDNase, 200 µl of Buffer RAW2 was added to the column and
centrifuged for 30 s at 11,000x g. The flow-through was discarded and 600 µl
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of Buffer RA3 was added to the column and centrifuged for 30 s at 11,000x g.
The flow-through was discarded again. 250 µl of Buffer RA3 was added to the
column and centrifuged for 2 min at 11,000x g.

9. The flow-through was discarded and the column placed in a fresh 1.5 ml
eppendorf tube.

10. The RNA was eluted in 40 µl of RNase-free water by centrifuging the column
for 1 min at 11,000x g.

11. The eluted RNA was stored in −80 ◦C.

A.2. Protocol II: cDNA synthesis using the qScriptTM

cDNA SuperMix
1. cDNA was synthesised using qScriptTM cDNA SuperMix (Quanta BioSciences)

in 20 µl reaction.
2. The reaction mixture was incubated in the following manner:

i. 5 min at 25 ◦C
ii. 30 min at 42 ◦C
iii. 5 min at 85 ◦C
iv. Hold at 4 ◦C

3. cDNA was stored at −20 ◦C.

Table A.1.: Reaction set up for cDNA synthesis

Component Volume

qScript cDNA SuperMix (5x) 4.00 µl
RNA template 1 µg
RNase/DNase free water Variable
——– ——–
Total 20 µl

A.3. Protocol III: Gene-specific PCR
1. Primers were designed using Geneious version 11.1.4.
2. PCR amplifications of the regions in the genes of interest were carried out

using cDNA, primers listed in Table A.2 and PlatinumTM Taq DNA polymerase
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(Thermo Fisher Scientific) in replicates of 4.
3. In order to verify the size of the PCR products, 5 µl of the reaction mixture

in addition to 1 µl of 6x loading dye was run on 1 % agarose gel at 100 V for
90 min, alongside a 1kb+ DNA ladder (Thermo Fisher Scientific).

4. PCR products were quantified using the NanoDrop ND-1000.

Table A.2.: Gene-specific PCR setup for ankrd9, foxo3b, has2, myod1, sema3ab, s1pr1,
sox9b, wnt3a and wnt7ba.

Component Volume ul Master Mix (n = 4)

10 x Reaction Buffer 2.00 8.00
50 nmol MgCl2 0.60 2.40
10 mmol dNTP 0.60 2.40
Forward Primer (10 µmol) 2.00 8.00
Reverse Primer (10 µmol) 2.00 8.00
PlatinumTM Taq DNA Polymerase 0.20 0.80
cDNA 1.00 -
RNase/DNase free water 11.60 46.40
——– ———–
Total 20.00 -

Table A.3.: List of forward and reverse primers used in gene-specific PCR. Both
pax2a and rad21 were cultured from existing plasmids and therefore not
amplified via PCR.

Gene Forward Primer Reverse Primer

ankrd9 TACCAGGCTATACGGGACCT GCTCTGTGGGAATGGACTGA
foxo3b CTGACAATGCGCGACAGATG GCCGGATGGAGTTCTTCCAA
has2 GCTGCTCCAAGATGAGATGTG GGTAGGTAATGGGCGTCTCG
myod1 CCCTTGCTTCAACACCAACG TGTTTGTTCGTTTTCGTCGCT
sema3ab AACCCTCCTATAAAGAAATGCTGG ACTGTGCCCATGTCGGT
s1pr1 GTCTGGAGTTTGAAGCATTTCC TGACAGGCAACGTCAAGGAG
sox9b CTGGAGAACACTCCGGTCAG CCCTAACCCTAACCCTAACCTC
wnt3a GATATGGTGGTCTCTGGCGGT CAAATCGCAGCCGTCTATGC
wnt7ba AGCCTCCTAACCCCCTTCAT CAGCCTCCTTGCTACCTACTC
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A.4. Protocol IV: Plasmid purification using Plasmid
DNA Purification Kit

1. Following blue-white selection, colonies were selected and cultured in 3 ml
liquid broth and 6 µl Ampicillin.

2. The cultured bacteria was purified using the Plasmid DNA Purification Kit.

i. 3 ml of the culture was centrifuged at 11,000x g for 1 min. The supernatant
was discarded with the pellet intact.

ii. 250 µl of Buffer A1 was added and the pellet resuspended by vortexing.
iii. 250 µl of Buffer A2 was added and then mixed by gently inverting the

tube 6 to 8 times.
iv. 300 µl of Buffer A3 was then added to the suspension and gently mixed

till the blue colour fades to colourless.
v. The suspension was then centrifuged at 11,000x g at room temperature

for 5 min. The supernatant was kept.
vi. 750 µl of the supernatant was loaded into a NucleoSpin® Plasmid column

and centrifuged for 1 min at 11,000x g. The flow-through was discarded.
vii. 600 µl of Buffer A4 was added to the column to wash the membrane and

centrifuged at 11,00x g for 1 min. The flow-through was discarded.
viii. To dry the membrane the column was then centrifuged at 11,000x g for

2 min.
ix. To elute the DNA, the column was placed in a fresh 1.5 µl microcentrifuge

tube and 50 µl Buffer AE was added to it. It was then centrifuged at
11,000x g for 1 min.

x. 1 µl of the eluted DNA was quantified using the NanoDrop ND-1000.

3. The purified plasmids were sent for sequencing to confirm the presence and
orientation of the PCR

A.5. Protocol V: Plasmid digestion
1. Following confirmation via sequencing, plasmids containing PCR products of

genes of interest were digested by appropriate enzymes (Table A.5) to produce
the required fragment.

2. The reaction mixture was incubated at 37 ◦C for 2 h and then 5 µl of it was run
on 1 % agarose gel.
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3. Following successful digestion, the remaining mixture was purified using the
QIAquick PCR Purification Kit (Qiagen).

i. 225 µl of Buffer PB was added to 45 µl of the digested plasmid and loaded
into a QIAquick column placed in a collection tube.

ii. The column was centrifuged at 17,900x g for 1 min. The flow-through was
discarded and the column replaced into the collection tube.

iii. The column was washed by adding 750 µl of Buffer PE and centrifuging
at 17,900x g for 1 min. The flow-through was discarded.

iv. To remove any residual wash buffer, the column was centrifuged at 17,900x
g for 1 min.

v. The flow-through was discarded and the column placed in a 1.5 ml
microcentrifuge tube. 50 µl of Buffer EB was added to the column and
left to stand for 1 min.

vi. The column was then centrifuged at 17,900x g for 1 min.

4. 1 µl of the purified plasmid was quantified using the NanoDrop ND-1000.

Table A.4.: Reaction setup for restriction digest of plasmids

Component Volume (µl)

Plasmid DNA 10.00
Restriction enzyme buffer 5.00
Restriction enzyme 5.00
RNase/DNase free water 30.00
————————— ———–
Total 50.00

Table A.5.: List of restriction enzymes used to digest plasmids

Plasmid Restriction Enzyme

pGEMT-easy_ankrd9 NcoI
pGEMT-easy_foxo3b ApaI
pGEMT-easy_has2 ApaI
pGEMT-easy_myod1 ApaI
pGEMT-easy_s1pr1 ApaI
pGEMT-easy_sema3ab ApaI
pGEMT-easy_sox9b SacI
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Plasmid Restriction Enzyme

pGEMT-easy_pou5f3 NotI
pGEMT-easy_pax2a NotI
pGEMT-easy_wnt3a NotI
pGEMT-easy_wnt7ba ApaI

A.6. Protocol VI: Probe Synthesis
1. Following successful digestion, the linear plasmid was mixed with 10x DIG

RNA Labelling mix (Roche), 10x Transcription Buffer (Roche), Sp6 or T7
RNA polymerase enzyme (Merck)(Tables A.6, A.7) for 4 h at 37 ◦C.

2. 1 µl of TURBO DNase (Thermo Fisher Scientific) was added to the mix and
incubated for 15 min at 37 ◦C.

3. 30 µl of RNase/DNase free water and 30 µl of Lithium Chloride Precipitation
Solution (Thermo Fisher Scientific) was added to the reaction mixture and
chilled for an hour at −20 ◦C.

4. The reaction mixture was centrifuged at 17,900x g for 15 min at 4 ◦C. The
supernatant was carefully removed and the pellet washed with 1 ml 70 %
ethanol.

5. The pellet was re-centrifuged at 17,900x g for 5 min at room temperature. The
supernatant was removed and the pellet given a quick spin at 17,900x g for 30
sec.

6. The pellet was dried at 37 ◦C for 5 min.
7. The RNA probe was eluted in 50 µl of RNase/DNase free water. 1 µl of the

RNA probe was quantified on the NanoDrop ND-1000, while 5 µl of the probe
was run on RNase-free 1 % agarose gel to check the quality.

8. All RNA probes were stored at −80 ◦C.

Table A.6.: Reaction setup for DIG-labelled RNA probe synthesis.

Component Volume

RNase/DNase free water -
10x DIG RNA labelling mix 2 µl
10x Transcription Buffer 2 µl
Digested plasmid 1 µg
Sp6 or T7 RNA polymerase enzyme 2 µl
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Component Volume

Total 20 µl

Table A.7.: RNA polymerase used to synthesis RNA probe for whole-mount in situ
hybridisation.

RNA probe RNA polymerase used Size of probe (bp)

ankrd9 Sp6 727
foxo3b Sp6 1073
has2 Sp6 1044
myod1 Sp6 1380
s1pr1 Sp6 1006
sema3ab T7 1217
sox9b T7 956
pax2a T7 1203
pou5f3 T7 652
wnt3a T7 865
wnt7ba Sp6 1096

A.7. Whole-mount in situ hybridization
The whole-mount in situ hybridization for genes of interest was carried out over
three days, according to existing protocols for zebrafish embryos by Thisse & Thisse
[80]. Solutions used in this protocol can be found in Table A.8.

A.7.1. Day 1
Step 1. Embryo Fixation

1. Following breeding, embryos at required developmental stages were collected
and fixed in 4 % PFA at 4 ◦C overnight.

2. PFA-fixed embryos were washed with PBST and dechorinated manually using
Dumond 5 forceps.

3. Following a second PBST wash, 30 hpf to 36 hpf embryos were treated with
Bleaching Solution to remove pigmentation for easier visualization. They were
then washed again with PBST solution.
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4. All embryos were then dehydrated by washes with gradually increasing methanol
concentrations for 5 min each:

1. 25 % methanol and 75 % PBST
2. 50 % methanol and 50 % PBST
3. 75 % methanol and 25 % PBST
4. 100 % methanol and stored at −20 ◦C.

Step 2. Rehydration

1. Embryos were rehydrated from storage by washes with gradually increasing
concentration of PBST for 5 min each:

1. 75 % methanol and 25 % PBST
2. 50 % methanol and 50 % PBST
3. 25 % methanol and 75 % PBST

2. Further washes in PBST twice for 5 min each.

Step 3. Proteinase K

1. In order to permeabilize the embryos to the probe, they are treated with
10 µg/ml Proteinase K.

2. 5 µl of Proteinase K was added to 500 µl of pre-warmed PBST at 37 ◦C.
3. Proteinase K treatment was carried out for less than 1 min to maintain integrity

of the embryos.
4. The embryos were washed twice with PBST for 5 min each.
5. The embryos were then fixed in 4 % PFA for 20 min.
6. Following PFA-fixation the embryos were washed four times with PBST for

5 min each.

Step 4. Pre-hybridization

1. Hybridization Buffer (HB+) was incubated at 65 ◦C for 30 min.
2. Embryos were incubated in 700 µl HB+ for 2 h.

Step 5. Hybridization

1. 50 ng of DIG-labelled RNA probe was diluted in 200 µl and the embryos
incubated overnight at 65 ◦C
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A.7.2. Day 2
Step 6. Hybridization Buffer (HB-) wash

1. HB-, 2x SSC, 0.2x SSC were pre-warmed at 65 ◦C.
2. Probe in HB+ solution was removed and stored at −20 ◦C for future use.
3. The embryos were then washed with increasing concentration of 2x SSC for

15 min each:

1. 75 % HB- and 25 % 2x SSC
2. 50 % HB- and 50 % 2x SSC
3. 25 % HB- and 75 % 2x SSC
4. 100 % 2x SSC

4. The embryos were then washed three times in 0.2x SSC for 30 min each, at
65 ◦C

5. The embryos were then washed at room temperature, in the following solutions
for 5 min each:

1. 75 % 0.2x SSC and 25 % PBST
2. 50 % 0.2x SSC and 50 % PBST
3. 25 % 0.2x SSC and 75 % PBST

Step 7. Antibody incubation

1. 2 % Roche Blocking buffer was pre-warmed at 60 ◦C
2. Embryos were then incubated in pre-warmed 2 % Roche Blocking Buffer for

3 h at room temperature.
3. 1 µl alkaline phosphatase anti-DIG antibody was diluted in 3000 µl of 2 % Roche

Blocking Buffer solution.
4. Embryos were incubated at 4 ◦C overnight in 500 µl of the diluted antibody

solution.

A.7.3. Day 3
Step 8. Washes

1. Antibody solution was removed and the embryos washed with PBST eight
times for 15 min each.

2. Fresh Staining Buffer was made according to Table A.8.
3. Embryos were washed with staining buffer for three times, 5 minute each.
4. Embryos were then transferred to labelled 24-well plate.
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5. 20 µl of NBT-BCIP was added to 1 ml of staining buffer.
6. Embryos were covered with this diluted NBT-BCIP staining solution. The

24-well plate was covered with foil and placed in an incubator at 28 ◦C.
7. Development of the chromogenic reaction was checked every 30 min with top

light and a white paper underneath the plate.
8. The reaction was stopped by treating the embryos with Stop Solution.
9. After development of color, embryos were washed with PBST four times, for

5 min each.
10. Embryos were transferred back to 1.5 ml tubes.

Step 9. Fixation post-wash

1. Embryos were fixed in 4 % for 1 h at room temperature.
2. Embryos were then washed in PBST for four times, 5 min each.

Step 10. Storing embryos

1. PBST was removed and replaced with 30 % glycerol. Embryos were left till
they settle at the bottom of the tube.

2. 30 % glycerol was replaced with 80 % glycerol and stored at 4 ◦C.

Step 11. Imaging Embryos

1. Embryos were imaged using a Leica M205 FA automated fluorescent stereo
microscope.

2. Embryos were placed on a dimpled slide with top light and a white paper
underneath.

Table A.8.: List of solutions used in whole-mount in situ hybridization. All solutions
were autoclaved.

Solution Component Amount

10x Phosphate Buffered Saline
(PBS) (pH 7.4)

Sodium Phosphate
(Na2HPO4 ·2H2O)

14.4 g

Sodium Chloride (NaCl) 80.0 g
Potassium Chloride (KCl) 2.0 g
Potassium Phosphate
(KH2PO4)

2.0 g

Water 1 µl
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Solution Component Amount

———— ———— ————
1x PBS 10x PBS 100 ml

Water 900 ml
1x Phosphate Buffered Saline
with Tween (PBST)

1x PBS 1 ml

20 % Tween 20 1 ml
———— ———— ————
20x Saline-Sodium Citrate
(SSC) Buffer (pH 7)

Sodium Chloride (NaCl) 175.3 g

Sodium Citrate
(Na3C6H5O7)

88.2 g

1M Hydrochloric Acid
(HCl)

A few drops

Water 1 ml
———— ———— ————
0.5M
Ethylenediaminetetraacetic
acid (EDTA)

EDTA 18.6 g

Sodium Hydroxide NaOH 2.0 g
Water 100 ml

———— ———— ————
Hybridisation Buffer (HB+)
(pH 6.0)

Formamide 25 ml

20x SSC 12.5 ml
Heparin (5 mg/ml) 500 µl
0.5M EDTA 500 µl
tRNA from wheat germ
Type V (50 µg/ml)

250 µl

20 % Tween 20 250 µl
1M Citric Acid (C6H8O7) 460 µl
Water 11.5 ml

———— ———— ————
Hybridisation Buffer (HB-)
(pH 6.0)

Formamide 25 ml

20x SSC 12.5 ml
0.5M EDTA 500 µl
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Solution Component Amount

20 % Tween 20 250 µl
1M Citric Acid (C6H8O7) 460 µl
Water 11.5 ml

———— ———— ————
10x Maleic Acid Buffer (MAB)
(pH 7.5)

Maleic Acid (C4H4O4) 116 g

Sodium Chloride (NaCl) 87 g
Sodium Hydroxide NaOH 40 g
Water 1 ml

———— ———— ————
1x MAB 10x MAB 100 ml

Water 900 ml
———— ———— ————
2 % Roche Blocking Buffer Roche Blocking Agent (2 %

weight/volume) dissolved at
60 ◦C

1 g

1x MAB 50 ml
———— ———— ————
Staining Solution 1M Tris HCl pH 9.5 5 ml

2M Magnesium Chloride
(MgCl2)

1.25 ml

5M Sodium Chloride
(NaCl)

1 ml

20 % Tween 20 250 µl
Water 42.5 µl

———— ———— ————
Stop Solution 1x PBST 500 ml

0.5M EDTA 1 ml
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A.8. Genotyping whole-mount in situ hybridisation
sample

A.8.1. Hot-shot DNA extraction
1. Folowing WISH and imaging, embryos were washed with RNase/DNase free

water to remove any trace of glycerol.
2. 100 µl of 50mM Sodium Hydroxide was added to the embryos and incubated

at 95 ◦C for 30 min.
3. Embryos were then cooled to 4 ◦C.
4. 10 µl of 1M Tris Hydrochloric Acid was added to the mix and tubes spun-down

using a bench-top spinner.
5. All extracted DNA samples were stored at 4 ◦C.

A.8.2. TaqMan Genotyping
1. TaqMan genotyping was carried out using SNP Probe to detect the single-

nucleotide polymorphism on rad21nz17.1 and KAPA Probe Fast (Kapa BioSys-
tems) (Table A.9). The mutant allele, rad21nz17.1, binds to the FAM probe and
the wild type allele binds to the VIC probe.

Table A.9.: Reaction mixture for TaqMan Genotyping

Component Volume

2x KAPA Probe Fast 10 µl
40x SNP probe 0.5 µl
Extracted DNA 1.0 µl
RNase/DNase Free Water 8.5 µl
———— ———
Total 20 µl

2. The reaction mixture was loaded into a 96-well plate and processed on Light
Cycler 480 (Roche Life Science).

3. Following successful run of real-time PCR, the results were analysed using
end-point genotyping.

4. Allelic difference were detected by fluorescence yield. The mutant allele,
rad21nz17.1, binds to the FAM probe (460 nm to 510 nm) while the wild type
allele binds to the VIC probe (533 nm to 580 nm). Heterozygote embryos could
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thus be easily identified from their homozygote and wild type counterparts.

A.8.3. High-resolution melt curve analysis (HRMA) genotyping
1. HRMA genotyping was carried out using the different melt curve patterns

the wild type and mutant alleles, using primers designed for the mutant allele
(Table A.10).

Table A.10.: Reaction mixture for HRMA genotyping

Component Volume

3 µmol Forward Primer 1 µl
3 µmol Reverse Primer 1 µl
2x SYBR Green 10 µl
Extracted DNA 1 µl
RNase/DNase Free Water 7 µl
———— ———
Total 20 µl
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B. Results

B.1. Riboprobe Synthesis

B.1.1. Extraction of RNA from wildtype embryos

Table B.1.: Concentration of RNA extracted from 36 hpf embryo.

Concentration ng/µl
Ratio of Absorbance
(A260/280)

Ratio of Absorbance
(A260/230)

239.1 2.14 2.23

B.1.2. Probe Concentration and Quality

Table B.2.: Table of riboprobes synthesized along with their concentration and ab-
sorbance.

Gene
Concentration
ng/µl

Ratio of
Absorbance
(A260/280)

Ratio of
Absorbance
(A260/230)

rad21 161.3 1.80 2.18
ankrd9 58.7 2.03 1.57
foxo3b 126.0 2.04 1.74
has2 42.4 2.05 1.86
s1pr1 66.1 2.06 2.08
sema3ab 30.0 1.91 1.98
sox9b 213.7 2.06 2.00
pax2a 114.0 2.02 2.10
wnt3a 59.7 1.63 2.07
wnt7ba 190.4 1.87 2.32
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1 2 3 4 5 6 7 8 9 10 11 12

Figure B.1.: Riboprobes on 1 % Agarose gel. Lane 1, 1 kb+ Ladder; Lane 2,
ankrd9; Lane 3, foxo3b; Lane 4, has2; Lane 5, s1pr1; Lane 6, sema3ab;
Lane 7, sox9b; Lane 8, pax2a; Lane 9, wnt3a; Lane 10, wnt7ba; Lane
11, rad21; Lane 12, 1 kb+ Ladder.

79



Bibliography

1. Harmston, N. & Lenhard, B. Chromatin and epigenetic features of long-range
gene regulation. Nucleic acids research 41, 7185–99. issn: 1362-4962 (Aug.
2013).

2. Dorsett, D. Cohesin, gene expression and development: lessons from Drosophila.
Chromosome research : an international journal on the molecular, supramolec-
ular and evolutionary aspects of chromosome biology 17, 185–200. issn: 1573-
6849 (2009).

3. Michaelis, C., Ciosk, R. & Nasmyth, K. Cohesins: chromosomal proteins
that prevent premature separation of sister chromatids. Cell 91, 35–45. issn:
0092-8674 (Oct. 1997).

4. Nasmyth, K. & Haering, C. H. Cohesin: Its Roles and Mechanisms. Annual
Review of Genetics 43, 525–558. issn: 0066-4197 (Dec. 2009).

5. Peters, J.-M., Tedeschi, A. & Schmitz, J. The cohesin complex and its roles
in chromosome biology. Genes & development 22, 3089–114. issn: 0890-9369
(Nov. 2008).

6. Hirano, M. & Hirano, T. Hinge-mediated dimerization of SMC protein is
essential for its dynamic interaction with DNA. The EMBO journal 21, 5733–
44. issn: 0261-4189 (Nov. 2002).

7. Gligoris, T. G. et al. Closing the cohesin ring: structure and function of its
Smc3-kleisin interface. Science (New York, N.Y.) 346, 963–7. issn: 1095-9203
(Nov. 2014).

8. Marcos-Alcalde, Í. et al. Two-step ATP-driven opening of cohesin head. Scien-
tific Reports 7, 3266. issn: 2045-2322 (Dec. 2017).

9. Ciosk, R. et al. Cohesin’s binding to chromosomes depends on a separate
complex consisting of Scc2 and Scc4 proteins. Molecular cell 5, 243–54. issn:
1097-2765 (Feb. 2000).

10. Murayama, Y. & Uhlmann, F. Biochemical reconstitution of topological DNA
binding by the cohesin ring. Nature 505, 367–71. issn: 1476-4687 (Jan. 2014).

80



11. Losada, A. Cohesin in cancer: chromosome segregation and beyond. Nature
Reviews Cancer 14, 389–393. issn: 1474-175X (May 2014).

12. Rolef Ben-Shahar, T. et al. Eco1-dependent cohesin acetylation during es-
tablishment of sister chromatid cohesion. 321. doi:10.1126/science.1157774.
http://www.sciencemag.org/cgi/doi/10.1126/science.1157774%20http:
//www.ncbi.nlm.nih.gov/pubmed/18653893 (July 2008).

13. Nishiyama, T. et al. Sororin Mediates Sister Chromatid Cohesion by Antago-
nizing Wapl. Cell 143, 737–749. issn: 0092-8674 (Nov. 2010).

14. Shintomi, K. & Hirano, T. Releasing cohesin from chromosome arms in early
mitosis: opposing actions of Wapl-Pds5 and Sgo1. Genes & development 23,
2224–36. issn: 1549-5477 (Sept. 2009).

15. Chan, K.-L. et al. Pds5 promotes and protects cohesin acetylation. Proceedings
of the National Academy of Sciences of the United States of America 110,
13020–5. issn: 1091-6490 (Aug. 2013).

16. Makrantoni, V. & Marston, A. L. Cohesin and chromosome segregation. Cur-
rent Biology 28, R688–R693. issn: 09609822 (June 2018).

17. Morales, C. & Losada, A. Establishing and dissolving cohesion during the
vertebrate cell cycle. Current Opinion in Cell Biology 52, 51–57. issn: 09550674
(June 2018).

18. Hoque, M. T. & Ishikawa, F. Cohesin defects lead to premature sister chro-
matid separation, kinetochore dysfunction, and spindle-assembly checkpoint
activation. The Journal of biological chemistry 277, 42306–14. issn: 0021-9258
(Nov. 2002).

19. Vass, S. et al. Depletion of Drad21/Scc1 in Drosophila Cells Leads to Instability
of the Cohesin Complex and Disruption of Mitotic Progression. Current Biology
13, 208–218. issn: 0960-9822 (Feb. 2003).

20. Dorsett, D. et al. Effects of sister chromatid cohesion proteins on cut gene
expression during wing development in Drosophila. Development (Cambridge,
England) 132, 4743–53. issn: 0950-1991 (Nov. 2005).

21. Kawauchi, S. et al. Multiple Organ System Defects and Transcriptional Dys-
regulation in the Nipbl+/- Mouse, a Model of Cornelia de Lange Syndrome.
PLoS Genetics 5 (ed Bickmore, W. A.) e1000650. issn: 1553-7404 (Sept. 2009).

22. Thota, S. et al. Genetic alterations of the cohesin complex genes in myeloid
malignancies. Blood 124, 1790–8. issn: 1528-0020 (Sept. 2014).

81

http://dx.doi.org/10.1126/science.1157774
http://www.sciencemag.org/cgi/doi/10.1126/science.1157774%20http://www.ncbi.nlm.nih.gov/pubmed/18653893
http://www.sciencemag.org/cgi/doi/10.1126/science.1157774%20http://www.ncbi.nlm.nih.gov/pubmed/18653893


23. Kon, A. et al. Recurrent mutations in multiple components of the cohesin
complex in myeloid neoplasms. Nature genetics 45, 1232–7. issn: 1546-1718
(Oct. 2013).

24. Thol, F. et al. Mutations in the cohesin complex in acute myeloid leukemia:
clinical and prognostic implications. en. Blood 123, 914–20. issn: 1528-0020
(Feb. 2014).

25. Bose, T. & Gerton, J. L. Cohesinopathies, gene expression, and chromatin
organization. The Journal of Cell Biology 189, 201–210. issn: 0021-9525 (Apr.
2010).

26. Gordillo, M. et al. The molecular mechanism underlying Roberts syndrome
involves loss of ESCO2 acetyltransferase activity. Human Molecular Genetics
17, 2172–2180. issn: 1460-2083 (July 2008).

27. Bose, T. et al. Cohesin Proteins Promote Ribosomal RNA Production and
Protein Translation in Yeast and Human Cells. PLoS Genetics 8 (ed Spinner,
N. B.) e1002749. issn: 1553-7404 (June 2012).

28. Harris, B. et al. Cohesion promotes nucleolar structure and function. Molecular
biology of the cell 25, 337–46. issn: 1939-4586 (Feb. 2014).

29. Skibbens, R. V. et al. Cohesinopathies of a Feather Flock Together. PLoS
Genetics 9 (ed Spinner, N. B.) e1004036. issn: 1553-7404 (Dec. 2013).

30. Deardorff, M. A. et al. RAD21 mutations cause a human cohesinopathy.
American journal of human genetics 90, 1014–27. issn: 1537-6605 (June
2012).

31. Liu, J. et al. Transcriptional Dysregulation in NIPBL and Cohesin Mutant
Human Cells. PLOS Biology 7, 1–16 (May 2009).

32. Sumara, I., Vorlaufer, E., Gieffers, C., Peters, B. H. & Peters, J. M. Charac-
terization of vertebrate cohesin complexes and their regulation in prophase.
The Journal of cell biology 151, 749–62. issn: 0021-9525 (Nov. 2000).

33. Pauli, A. et al. Cell-type-specific TEV protease cleavage reveals cohesin func-
tions in Drosophila neurons. Developmental cell 14, 239–51. issn: 1534-5807
(Feb. 2008).

34. Horsfield, J. A. et al. Cohesin-dependent regulation of Runx genes. Development
(Cambridge, England) 134, 2639–49. issn: 0950-1991 (July 2007).

35. Rhodes, J. M., McEwan, M. & Horsfield, J. A. Gene regulation by cohesin
in cancer: is the ring an unexpected party to proliferation? Molecular cancer
research : MCR 9, 1587–607. issn: 1557-3125 (Dec. 2011).

82



36. Seitan, V. C. et al. Cohesin-based chromatin interactions enable regulated gene
expression within preexisting architectural compartments. Genome research
23, 2066–77. issn: 1549-5469 (Dec. 2013).

37. Watrin, E., Kaiser, F. J. & Wendt, K. S. Gene regulation and chromatin
organization: relevance of cohesin mutations to human disease. Current opinion
in genetics & development 37, 59–66. issn: 1879-0380 (Jan. 2016).

38. Rubio, E. D. et al. CTCF physically links cohesin to chromatin. Proceedings
of the National Academy of Sciences 105, 8309–8314. issn: 0027-8424 (June
2008).

39. Phillips, J. E. & Corces, V. G. CTCF: Master Weaver of the Genome. Cell
137, 1194–1211. issn: 0092-8674 (June 2009).

40. Bell, A. C., West, A. G. & Felsenfeld, G. The Protein CTCF Is Required for
the Enhancer Blocking Activity of Vertebrate Insulators. Cell 98, 387–396.
issn: 0092-8674 (Aug. 1999).

41. Splinter, E. et al. CTCF mediates long-range chromatin looping and local
histone modification in the beta-globin locus. Genes & development 20, 2349–
54. issn: 0890-9369 (Sept. 2006).

42. Bulger, M. & Groudine, M. Enhancers: The abundance and function of regula-
tory sequences beyond promoters. Developmental Biology 339, 250–257. issn:
00121606 (Mar. 2010).

43. Erokhin, M., Vassetzky, Y., Georgiev, P. & Chetverina, D. Eukaryotic en-
hancers: common features, regulation, and participation in diseases. Cellular
and Molecular Life Sciences 72, 2361–2375. issn: 1420-682X (June 2015).

44. Lee, H. J. et al. Developmental enhancers revealed by extensive DNA methy-
lome maps of zebrafish early embryos. Nature Communications 6, 6315. issn:
2041-1723 (Dec. 2015).

45. Bonev, B. & Cavalli, G. Organization and function of the 3D genome. Nature
Reviews Genetics 17, 661–678. issn: 1471-0056 (2016).

46. Dixon, J. R. et al. Topological domains in mammalian genomes identified by
analysis of chromatin interactions. Nature 485, 376–380. issn: 0028-0836 (Apr.
2012).

47. Ruiz-Velasco, M. & Zaugg, J. B. Structure meets function: How chromatin
organisation conveys functionality. Current Opinion in Systems Biology 1,
129–136. issn: 2452-3100 (Feb. 2017).

83



48. Dixon, J. R., Gorkin, D. U. & Ren, B. Chromatin Domains: The Unit of
Chromosome Organization. Molecular Cell 62, 668–680. issn: 10972765 (June
2016).

49. Van Ruiten, M. S. & Rowland, B. D. SMC Complexes: Universal DNA Looping
Machines with Distinct Regulators. Trends in Genetics 34, 477–487. issn:
0168-9525 (2018).

50. Borrie, M. S., Campor, J. S., Joshi, H. & Gartenberg, M. R. Binding, sliding,
and function of cohesin during transcriptional activation. Proceedings of the
National Academy of Sciences 114, E1062–E1071. issn: 0027-8424 (Feb. 2017).

51. Gassler, J. et al. A mechanism of cohesin-dependent loop extrusion organizes
zygotic genome architecture. The EMBO journal 36, 3600–3618. issn: 1460-
2075 (2017).

52. Flavahan, W. A. et al. Insulator dysfunction and oncogene activation in IDH
mutant gliomas. Nature 529. doi:10.1038/nature16490. http://www.ncbi.
nlm.nih.gov/pubmed/26700815%20http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=PMC4831574%20http://www.nature.com/articles/
nature16490 (Jan. 2016).

53. Lupiáñez, D. G. G. et al. Disruptions of Topological Chromatin Domains
Cause Pathogenic Rewiring of Gene-Enhancer Interactions. Cell 161, 1012–
1025 (May 2015).

54. Zuin, J. et al. Cohesin and CTCF differentially affect chromatin architecture
and gene expression in human cells. Proceedings of the National Academy of
Sciences of the United States of America 111, 996–1001. issn: 1091-6490 (Jan.
2014).

55. Sofueva, S. et al. Cohesin-mediated interactions organize chromosomal domain
architecture. The EMBO journal 32, 3119–29. issn: 1460-2075 (Dec. 2013).

56. Schmidt, D. et al. A CTCF-independent role for cohesin in tissue-specific
transcription. Genome research 20, 578–88. issn: 1549-5469 (May 2010).

57. Marsman, J. et al. Cohesin and CTCF differentially regulate spatiotemporal
runx1 expression during zebrafish development. Biochimica et biophysica acta
1839, 50–61. issn: 0006-3002 (Jan. 2014).

84

http://dx.doi.org/10.1038/nature16490
http://www.ncbi.nlm.nih.gov/pubmed/26700815%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4831574%20http://www.nature.com/articles/nature16490
http://www.ncbi.nlm.nih.gov/pubmed/26700815%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4831574%20http://www.nature.com/articles/nature16490
http://www.ncbi.nlm.nih.gov/pubmed/26700815%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4831574%20http://www.nature.com/articles/nature16490
http://www.ncbi.nlm.nih.gov/pubmed/26700815%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4831574%20http://www.nature.com/articles/nature16490


58. Chien, R. et al. Cohesin mediates chromatin interactions that regulate mam-
malian β-globin expression. 286. doi:10.1074/jbc.M110.207365. http://www.
jbc.org/lookup/doi/10.1074/jbc.M110.207365%20http://www.ncbi.nlm.nih.
gov/pubmed/21454523%20http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=PMC3093862 (May 2011).

59. Kagey, M. H. et al. Mediator and cohesin connect gene expression and chro-
matin architecture. Nature 467. doi:10.1038/nature09380. http://www.nature.
com/articles/nature09380%20http ://www.ncbi .nlm.nih .gov/pubmed/
20720539%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
PMC2953795 (Sept. 2010).

60. Yin, J.-w. & Wang, G. The Mediator complex: a master coordinator of tran-
scription and cell lineage development. Development (Cambridge, England)
141, 977–87. issn: 1477-9129 (Mar. 2014).

61. Misulovin, Z. et al. Association of cohesin and Nipped-B with transcriptionally
active regions of the Drosophila melanogaster genome. Chromosoma 117,
89–102. issn: 0009-5915 (Feb. 2008).

62. Schaaf, C. A. et al. Genome-Wide Control of RNA Polymerase II Activity by
Cohesin. 9 (ed Ren, B.) e1003382. issn: 1553-7404 (Mar. 2013).

63. Jonkers, I. & Lis, J. T. Getting up to speed with transcription elongation by
RNA polymerase II. Nature reviews. Molecular cell biology 16, 167–77. issn:
1471-0080 (Mar. 2015).

64. Fay, A. et al. Cohesin Selectively Binds and Regulates Genes with Paused RNA
Polymerase. 21. doi:10.1016/j.cub.2011.08.036. http://www.ncbi.nlm.nih.gov/
pubmed/21962715%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=PMC3193539 (Oct. 2011).

65. Smith, E. & Shilatifard, A. Transcriptional elongation checkpoint control in
development and disease. Genes & development 27, 1079–88. issn: 1549-5477
(May 2013).

66. Mannini, L. et al. Mutant cohesin affects RNA polymerase II regulation in
Cornelia de Lange syndrome. 5, 16803. issn: 2045-2322 (2015).

67. Yang, Q. et al. RNA polymerase II pausing modulates hematopoietic stem cell
emergence in zebrafish. Blood 128, 1701–10. issn: 0006-4971 (Sept. 2016).

85

http://dx.doi.org/10.1074/jbc.M110.207365
http://www.jbc.org/lookup/doi/10.1074/jbc.M110.207365%20http://www.ncbi.nlm.nih.gov/pubmed/21454523%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3093862
http://www.jbc.org/lookup/doi/10.1074/jbc.M110.207365%20http://www.ncbi.nlm.nih.gov/pubmed/21454523%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3093862
http://www.jbc.org/lookup/doi/10.1074/jbc.M110.207365%20http://www.ncbi.nlm.nih.gov/pubmed/21454523%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3093862
http://www.jbc.org/lookup/doi/10.1074/jbc.M110.207365%20http://www.ncbi.nlm.nih.gov/pubmed/21454523%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3093862
http://dx.doi.org/10.1038/nature09380
http://www.nature.com/articles/nature09380%20http://www.ncbi.nlm.nih.gov/pubmed/20720539%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2953795
http://www.nature.com/articles/nature09380%20http://www.ncbi.nlm.nih.gov/pubmed/20720539%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2953795
http://www.nature.com/articles/nature09380%20http://www.ncbi.nlm.nih.gov/pubmed/20720539%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2953795
http://www.nature.com/articles/nature09380%20http://www.ncbi.nlm.nih.gov/pubmed/20720539%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2953795
http://dx.doi.org/10.1016/j.cub.2011.08.036
http://www.ncbi.nlm.nih.gov/pubmed/21962715%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3193539
http://www.ncbi.nlm.nih.gov/pubmed/21962715%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3193539
http://www.ncbi.nlm.nih.gov/pubmed/21962715%20http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3193539


68. Ulloa, P. E., Iturra, P., Neira, R. & Araneda, C. Zebrafish as a model organism
for nutrition and growth: towards comparative studies of nutritional genomics
applied to aquacultured fishes. Reviews in Fish Biology and Fisheries 21,
649–666. issn: 0960-3166 (Feb. 2011).

69. Stewart, A. M., Braubach, O., Spitsbergen, J., Gerlai, R. & Kalueff, A. V.
Zebrafish models for translational neuroscience research: from tank to bedside.
Trends in neurosciences 37, 264–78. issn: 1878-108X (May 2014).

70. Howe, K. et al. The zebrafish reference genome sequence and its relationship
to the human genome. Nature 496, 498–503. issn: 1476-4687 (Apr. 2013).

71. Rasighaemi, P., Basheer, F., Liongue, C. & Ward, A. C. Zebrafish as a model
for leukemia and other hematopoietic disorders. en. Journal of hematology &
oncology 8, 29. issn: 1756-8722 (Jan. 2015).

72. Mönnich, M., Kuriger, Z., Print, C. G. & Horsfield, J. A. A zebrafish model of
Roberts syndrome reveals that Esco2 depletion interferes with development
by disrupting the cell cycle. PloS one 6, e20051. issn: 1932-6203 (Jan. 2011).

73. Muto, A. & Schilling, T. F. in, 177–196 (2017). doi:10.1007/978-1-4939-6545-
8_11. http://link.springer.com/10.1007/978-1-4939-6545-8%7B%5C_%7D11.

74. Mönnich, M., Banks, S., Eccles, M., Dickinson, E. & Horsfield, J. Expression
of cohesin and condensin genes during zebrafish development supports a non-
proliferative role for cohesin. Gene expression patterns : GEP 9, 586–94. issn:
1872-7298 (Dec. 2009).

75. Rhodes, J. M. et al. Positive regulation of c-Myc by cohesin is direct, and
evolutionarily conserved. Developmental biology 344, 637–49. issn: 1095-564X
(Aug. 2010).

76. Meier, M. et al. Cohesin facilitates zygotic genome activation in zebrafish.
Development 145, dev156521. issn: 0950-1991 (Jan. 2018).

77. Schuster, K. et al. A neural crest origin for cohesinopathy heart defects. en.
Human molecular genetics 24, 7005–16. issn: 1460-2083 (Dec. 2015).

78. Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. & Schilling, T. F.
Stages of embryonic development of the zebrafish. Developmental dynamics :
an official publication of the American Association of Anatomists 203, 253–310.
issn: 1058-8388 (July 1995).

79. Westerfield, M. The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish
(Danio rerio) 4th Editio (University of Oregon Press, Eugene).

86

http://dx.doi.org/10.1007/978-1-4939-6545-8_11
http://dx.doi.org/10.1007/978-1-4939-6545-8_11
http://link.springer.com/10.1007/978-1-4939-6545-8%7B%5C_%7D11


80. Thisse, C. & Thisse, B. High-resolution in situ hybridization to whole-mount
zebrafish embryos. Nature protocols 3, 59–69. issn: 1750-2799 (Jan. 2008).

81. Bogdanovic, O. et al. Dynamics of enhancer chromatin signatures mark the
transition from pluripotency to cell specification during embryogenesis. Genome
research 22, 2043–53. issn: 1549-5469 (Oct. 2012).

82. Hiller, M. et al. Computational methods to detect conserved non-genic elements
in phylogenetically isolated genomes: application to zebrafish. Nucleic Acids
Research 41, e151–e151 (Aug. 2013).

83. Row, R. H., Tsotras, S. R., Goto, H. & Martin, B. L. The zebrafish tailbud
contains two independent populations of midline progenitor cells that maintain
long-term germ layer plasticity and differentiate in response to local signaling
cues. Development 143, 244–254. issn: 0950-1991 (2016).

84. Gaertner, B. & Zeitlinger, J. RNA polymerase II pausing during development.
Development (Cambridge, England) 141, 1179–83. issn: 1477-9129 (Mar. 2014).

85. Rahl, P. B. et al. c-Myc regulates transcriptional pause release. Cell 141,
432–45. issn: 1097-4172 (Apr. 2010).

86. Kang, H. & Lieberman, P. M. Mechanism of glycyrrhizic acid inhibition of Ka-
posi’s sarcoma-associated herpesvirus: disruption of CTCF-cohesin-mediated
RNA polymerase II pausing and sister chromatid cohesion. Journal of virology
85, 11159–69. issn: 1098-5514 (Nov. 2011).

87. Xie, X.-w., Liu, J.-X., Hu, B. & Xiao, W. Zebrafish foxo3b Negatively Regulates
Canonical Wnt Signaling to Affect Early Embryogenesis. PLoS ONE 6 (ed
Wen, Z.) e24469. issn: 1932-6203 (Sept. 2011).

88. Hu, B. et al. Zebrafish eaf1 suppresses foxo3b expression to modulate transcrip-
tional activity of gata1 and spi1 in primitive hematopoiesis. Developmental
Biology 388, 81–93. issn: 0012-1606 (Apr. 2014).

89. Eijkelenboom, A. et al. Genome-wide analysis of FOXO3 mediated tran-
scription regulation through RNA polymerase II profiling. Molecular Systems
Biology 9, 638–638. issn: 1744-4292 (Apr. 2014).

90. Nuebler, J., Fudenberg, G., Imakaev, M., Abdennur, N. & Mirny, L. A. Chro-
matin organization by an interplay of loop extrusion and compartmental
segregation. Proceedings of the National Academy of Sciences of the United
States of America 115, E6697–E6706. issn: 1091-6490 (July 2018).

91. Rao, S. S. P. et al. Cohesin Loss Eliminates All Loop Domains. Cell 171,
305–309.e24 (2017).

87



92. Seitan, V. C. et al. Cohesin-based chromatin interactions enable regulated gene
expression within preexisting architectural compartments. Genome research
23, 2066–77. issn: 1549-5469 (Dec. 2013).

93. Smith, E. M., Lajoie, B. R., Jain, G. & Dekker, J. Invariant TAD Boundaries
Constrain Cell-Type-Specific Looping Interactions between Promoters and
Distal Elements around the CFTR Locus. American journal of human genetics
98, 185–201. issn: 1537-6605 (Jan. 2016).

94. Faure, A. J. et al. Cohesin regulates tissue-specific expression by stabilizing
highly occupied cis-regulatory modules. Genome Research 22, 2163–2175. issn:
1088-9051 (Nov. 2012).

95. Hao, R. et al. Identification of Estrogen Target Genes during Zebrafish Embry-
onic Development through Transcriptomic Analysis. PLoS ONE 8 (ed Gong,
Z.) e79020. issn: 1932-6203 (Nov. 2013).

96. Antony, J. et al. Cohesin modulates transcription of estrogen-responsive genes.
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1849,
257–269. issn: 1874-9399 (Mar. 2015).

97. Lee, Y. et al. ANKRD9 is associated with tumor suppression as a substrate
receptor subunit of ubiquitin ligase. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease 1864, 3145–3153. issn: 0925-4439 (Oct. 2018).

98. Malinouski, M. et al. Genome-wide RNAi ionomics screen reveals new genes
and regulation of human trace element metabolism. Nature communications
5, 3301. issn: 2041-1723 (2014).

99. Lewis, J. L. et al. Reiterated Wnt signaling during zebrafish neural crest
development. Development (Cambridge, England) 131, 1299–308. issn: 0950-
1991 (Mar. 2004).

100. Kaur, N. et al.Wnt3a mediated activation of Wnt/β-catenin signaling promotes
tumor progression in glioblastoma. Molecular and Cellular Neuroscience 54,
44–57. issn: 10447431 (May 2013).

101. Zhang, H. et al. Expression profile and clinical significance of Wnt signaling in
human gliomas. Oncology letters 15, 610–617. issn: 1792-1074 (Jan. 2018).

102. Ghiselli, G., Coffee, N., Munnery, C. E., Koratkar, R. & Siracusa, L. D. The
Cohesin SMC3 Is a Target the for β-Catenin/TCF4 Transactivation Pathway.
Journal of Biological Chemistry 278, 20259–20267. issn: 0021-9258 (May
2003).

88



103. Ueno, S. et al. Biphasic role for Wnt/beta-catenin signaling in cardiac spec-
ification in zebrafish and embryonic stem cells. Proceedings of the National
Academy of Sciences of the United States of America 104, 9685–90. issn:
0027-8424 (June 2007).

104. Lagendijk, A. K., Goumans, M. J., Burkhard, S. B. & Bakkers, J. MicroRNA-
23 Restricts Cardiac Valve Formation by Inhibiting Has2 and Extracellular
Hyaluronic Acid Production. Circulation Research 109, 649–657. issn: 0009-
7330 (Sept. 2011).

105. Patra, C. et al. Nephronectin regulates atrioventricular canal differentiation
via Bmp4-Has2 signaling in zebrafish. Development (Cambridge, England)
138, 4499–509. issn: 1477-9129 (Oct. 2011).

106. MOORMAN, A. F. M. & CHRISTOFFELS, V. M. Cardiac Chamber Forma-
tion: Development, Genes, and Evolution. Physiological Reviews 83, 1223–1267.
issn: 0031-9333 (Oct. 2003).

107. Bakkers, J. et al. Has2 is required upstream of Rac1 to govern dorsal migra-
tion of lateral cells during zebrafish gastrulation. Development (Cambridge,
England) 131, 525–37. issn: 0950-1991 (Feb. 2004).

108. Okuda, H. et al. Hyaluronan Synthase HAS2 Promotes Tumor Progression in
Bone by Stimulating the Interaction of Breast Cancer Stem-Like Cells with
Macrophages and Stromal Cells. Cancer Research 72, 537–547. issn: 0008-5472
(Jan. 2012).

109. Yu, H.-H. & Moens, C. B. Semaphorin signaling guides cranial neural crest cell
migration in zebrafish. Developmental Biology 280, 373–385. issn: 0012-1606
(Apr. 2005).

110. Minoux, M. et al. Molecular mechanisms of cranial neural crest cell migra-
tion and patterning in craniofacial development. Development (Cambridge,
England) 137, 2605–21. issn: 1477-9129 (Aug. 2010).

111. Marín, O., Yaron, A., Bagri, A., Tessier-Lavigne, M. & Rubenstein, J. L.
Sorting of striatal and cortical interneurons regulated by semaphorin-neuropilin
interactions. Science (New York, N.Y.) 293, 872–5. issn: 0036-8075 (Aug.
2001).

112. Tang, C., Gao, X., Liu, H., Jiang, T. & Zhai, X. Decreased expression of
SEMA3A is associated with poor prognosis in gastric carcinoma. International
journal of clinical and experimental pathology 7, 4782–94. issn: 1936-2625
(2014).

89



113. Hisano, Y. et al. Maternal and Zygotic Sphingosine Kinase 2 Are Indispensable
for Cardiac Development in Zebrafish. The Journal of biological chemistry
290, 14841–51. issn: 1083-351X (June 2015).

114. Gaengel, K. et al. The Sphingosine-1-Phosphate Receptor S1PR1 Restricts
Sprouting Angiogenesis by Regulating the Interplay between VE-Cadherin
and VEGFR2. Developmental Cell 23, 587–599. issn: 1534-5807 (Sept. 2012).

115. Mendelson, K., Zygmunt, T., Torres-Vázquez, J., Evans, T. & Hla, T. Sph-
ingosine 1-phosphate receptor signaling regulates proper embryonic vascular
patterning. The Journal of biological chemistry 288, 2143–56. issn: 1083-351X
(Jan. 2013).

116. Ahn, J.-H., Kim, T. J., Lee, J. H. & Choi, J.-H. Mutant p53 stimulates cell
invasion through an interaction with Rad21 in human ovarian cancer cells.
Scientific Reports 7, 9076. issn: 2045-2322 (Dec. 2017).

117. Smyk, M., Akdemir, K. C. & Stankiewicz, P. SOX9 chromatin folding domains
correlate with its real and putative distant cis-regulatory elements. Nucleus
(Austin, Tex.) 8, 182–187. issn: 1949-1042 (2017).

118. Manfroid, I. et al. Zebrafish sox9b is crucial for hepatopancreatic duct develop-
ment and pancreatic endocrine cell regeneration. Developmental Biology 366,
268–278. issn: 00121606 (June 2012).

119. Xu, H. et al. Enhanced RAD21 cohesin expression confers poor prognosis and
resistance to chemotherapy in high grade luminal, basal and HER2 breast
cancers. Breast Cancer Research 13, R9. issn: 1465-542X (Feb. 2011).

120. Wang, Q. et al. Pax genes in embryogenesis and oncogenesis. Journal of cellular
and molecular medicine 12, 2281–94. issn: 1582-1838 (Dec. 2008).

121. Gibson, W., Green, A., Bullard, R. S., Eaddy, A. C. & Donald, C. D. Inhibition
of PAX2 expression results in alternate cell death pathways in prostate cancer
cells differing in p53 status. Cancer Letters 248, 251–261. issn: 03043835 (Apr.
2007).

122. Beauchemin, D., Lacombe, C. & Van Themsche, C. PAX2 is activated by
estradiol in breast cancer cells of the luminal subgroup selectively, to confer
a low invasive phenotype. Molecular Cancer 10, 148. issn: 1476-4598 (Dec.
2011).

90



123. Duncan, R. N., Panahi, S., Piotrowski, T. & Dorsky, R. I. Identification of
Wnt Genes Expressed in Neural Progenitor Zones during Zebrafish Brain
Development. PLOS ONE 10 (ed Alsina, B.) e0145810. issn: 1932-6203 (Dec.
2015).

124. Wang, X. et al. Wnt Signaling Regulates Postembryonic Hypothalamic Progen-
itor Differentiation. Developmental Cell 23, 624–636. issn: 1534-5807 (Sept.
2012).

125. Arensman, M. D. et al. WNT7B mediates autocrine Wnt/β-catenin signaling
and anchorage-independent growth in pancreatic adenocarcinoma. Oncogene
33, 899–908. issn: 1476-5594 (Feb. 2014).

126. Bailey, M. L. et al. Glioblastoma Cells Containing Mutations in the Cohesin
Component STAG2 Are Sensitive to PARP Inhibition. Molecular Cancer
Therapeutics 13, 724–732. issn: 1535-7163 (Mar. 2014).

127. Solomon, D. A., Kim, J.-S. & Waldman, T. Cohesin gene mutations in tumori-
genesis: from discovery to clinical significance. BMB reports 47, 299–310. issn:
1976-670X (June 2014).

128. Belton, J.-M. et al. Hi–C: A comprehensive technique to capture the confor-
mation of genomes. Methods 58, 268–276. issn: 10462023 (Nov. 2012).

91


	Acknowledgments
	Introduction
	Cohesin and the Cohesin Network
	Cohesin in diseases
	Cohesin in Gene Regulation
	Zebrafish as Model Organism
	Aims and scope

	Methods and Materials
	Animal Handling: Zebrafish
	Gene expression during development
	Bioinformatic Profiling of Genomic Areas with Respect to Genes of Interest

	Results
	Gene expression during development: Whole-mount in situ hybridisation
	Bioinformatic Profiling of Genomic Areas with Respect to Genes of Interest

	Discussion
	RNA polymerase II pausing and gene expression
	Cohesin depletion and TAD structures: Effect on gene expression
	Consequences of cohesin-dependent gene dysregulation

	Future Directions
	Conclusion
	Protocols
	Protocol I: RNA Isolation using the NucleoSpin® RNAII Kit
	Protocol II: cDNA synthesis using the qScriptTM cDNA SuperMix
	Protocol III: Gene-specific PCR
	Protocol IV: Plasmid purification using Plasmid DNA Purification Kit
	Protocol V: Plasmid digestion
	Protocol VI: Probe Synthesis
	Whole-mount in situ hybridization
	Genotyping whole-mount in situ hybridisation sample

	Results
	Riboprobe Synthesis


