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Abstract
Embryonic stem cells are pluripotent; they have the ability to form any cell type of the
developing embryo.

Due to their pluripotent nature there is a strong interest in

understanding the biology of embryonic stem cells. This interest stems not only from
furthering understanding of early events in human development, but also because
pluripotent stem cells have potential applications in regenerative medicine and cancer
biology.
Transcription programmes and cell cycle dynamics delicately balance the transition
between pluripotency and differentiation. However, the molecular switches that govern
whether embryonic stem cells self-renew and maintain their pluripotent state, or
differentiate are poorly understood. The protein complex cohesin has distinct roles in both
the cell cycle and in the regulation of gene expression.

Because cohesin links cell

proliferation and cell differentiation pathways it is a candidate for a molecular switch that
governs the fate of embryonic stem cells.
Research conducted prior to this study revealed that myca (zebrafish c-Myc) expression is
downregulated in zebrafish embryos harbouring a null mutation in the rad21 subunit of
cohesin. c-Myc is a transcription factor that plays a key role in maintaining the pluripotent
state, therefore this finding linked cohesin to pluripotency. Following on from this, my
studies focused on investigating the transcriptional role of cohesin and its potential links
with pluripotency, using the zebrafish as a model. My first objective was to determine if
cohesin directly regulated the expression of myca, and to understand the mechanism of this
regulation. Using chromatin immunoprecipitation (ChIP) coupled with quantitative PCR
(qPCR) I showed that cohesin bound to the myca locus, supporting a direct role for cohesin
in regulating myca expression. Furthermore, analysis of published data revealed that the
positive regulation of c-Myc by cohesin is conserved in Drosophila, mouse and human. In
zebrafish, cohesin bound 1.27 kb upstream of the transcriptional start site of myca and at
the transcriptional start site itself.

These cohesin binding sites are conserved at the

mammalian c-MYC locus, suggesting that the mechanism by which cohesin regulates cMyc is also conserved.

To investigate what this mechanism could be I tested the
ii

hypothesis that cohesin binding upstream of myca functioned as a chromatin barrier,
preventing the spread of repressive chromatin into the myca locus, to allow myca
expression. According to this hypothesis, the absence of cohesin would compromise
chromatin barrier activity, allowing repressive chromatin marks to spread into the myca
locus, preventing myca transcription. However, ChIP-qPCR experiments revealed no
spreading of repressive chromatin marks into the myca locus in the absence of Rad21,
ruling out this chromatin barrier model of how cohesin regulates myca expression. While
the mechanism of cohesin-dependent regulation of c-Myc remains enigmatic, results
suggest that chromatin changes at the transcriptional start site may be important.
Having confirmed that myca is directly regulated by cohesin, I then went on to determine
if there were broader transcriptional links between cohesin and pluripotency.

To

investigate this possibility, ChIP coupled with high throughput sequencing (ChIP-seq) was
performed to identify genes bound by, and therefore potentially regulated by, cohesin
during pluripotency.

This genome-wide analysis revealed that cohesin bound the

regulatory regions of a number of genes encoding transcription factors (including POU
domain, class 5 transcription factor 1 (pou5f1), SRY-box containing gene (sox2), Nanog
homeobox (nanog)) and chromatin regulators (including polycomb group complex
members bmi1 and enhancer of polycomb homologue 2 (epc2), and the histone-modifying
enzyme SET domain containing 1B a (setd1ba)), all of which are involved in maintaining
the pluripotent state.

Preliminary studies suggest this binding has functional

consequences, with Rad21 knockdown affecting the expression of the genes it binds.
These studies have revealed a strong potential for cohesin to play an important role in
pluripotency, by regulating the expression of genes that maintain the pluripotent state.
Together with published data, the findings suggest that cohesin may function as a master
transcriptional facilitator in pluripotency, and through this role may determine the fate of
embryonic stem cells.
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1.1.

Introduction
Embryonic development is driven by cell fate decisions

A single fertilised egg (zygote) represents the beginning of human life. Governed by the
developmental processes of cellular proliferation and differentiation, this single cell will
give rise to multiple cell types that, when organised into tissues and organs, form the
human body. Differentiation is an ordered process with the fate of cells being decided in
the early stages of embryogenesis.
Following fertilisation, the zygote undergoes a series of rapid cell divisions with the
resulting cluster of cells forming the blastocyst. During blastocyst formation, the first cell
fate decision is made, with outer cells of the blastocyst acquiring a placental fate, whereas
the inner cells of the blastocyst, the inner cell mass, become progenitor cells capable of
forming any cell type of the embryo (epiblast). Following uterine implantation of the
blastocyst, epiblast cells commit to one of three somatic cell lineages; the ectoderm,
mesoderm, or the endoderm. Cells within each lineage subsequently give rise to specific
tissues and organs of the developing embryo during the process of organogenesis. The
ectoderm gives rise to the epidermis, and to the neural crest and other tissues that will later
form the nervous system. Somites that form muscle and the cartilage of the ribs and
vertebrae, the dermis, the notochord, blood and blood vessels, and connective tissue all
arise from the mesoderm.

Lastly, the endoderm gives rise to the epithelium of the

digestive and respiratory systems, and organs associated with the digestive system such as
the liver and pancreas.
Acquiring the correct cell fate is thus critical for embryonic development to occur
normally, and involves the coordination of pathways directing both cell proliferation and
differentiation.

1

1.2.

Understanding pluripotency is of clinical importance

Cells comprising the epiblast of the inner cell mass have the potential to become any cell
type within the developing embryo, thus are regarded as pluripotent stem cells. Due to
their pluripotent nature, there is a strong interest in understanding the biology of epiblast
cells. This interest stems not only from furthering understanding of early events in human
development, but also because pluripotent stem cells have potential applications in
regenerative medicine and cancer biology. In terms of regenerative medicine, pluripotent
cells may have the capacity to regenerate damaged tissue caused by disease or injury
(Assou et al., 2011). With regard to cancer biology, the cancer stem cell model of
carcinogenesis is currently at the forefront of the debate surrounding the initiation and
progression of cancer (Kashyap et al., 2009). The cancer stem cell model suggests that
cancer progression is usually driven by subpopulations of cancer cells with embryonic
stem cell properties, namely self-renewal and multi-lineage differentiation (Sengupta and
Cancelas, 2010). If this model is correct, understanding normal stem cell self-renewal and
differentiation is fundamental to understanding cancer.
Unfortunately, in mammalian models, ethical and technical constraints make it difficult to
study the molecular mechanisms governing the pluripotent nature of epiblast cells in vivo.
However, mammalian embryonic stem cells (ESCs), derived from the epiblast of the inner
cell mass, can be cultured in vitro (Evans and Kaufman, 1981; Thomson et al., 1998).
Importantly, cultured ESCs retain the self-renewal and pluripotency properties that
characterise epiblast cells in vivo (Evans and Kaufman, 1981; Thomson et al., 1998),
therefore providing a good in vitro system to understand the molecular mechanisms
governing pluripotency and differentiation (Lee and Wu, 2011).

1.3.

What are the molecular switches that govern the fate of embryonic
stem cells?

Central to understanding the molecular mechanisms underlying pluripotency is identifying
the molecular switches that are responsible for deciding if an ESC will self-renew and
maintain its pluripotent state, or differentiate. While a lot of research has revealed that the
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molecular characteristics of ESCs are distinct from lineage-committed cells, to date, the
molecular switches governing the fate of the ESC are poorly understood.
Differences between the molecular characteristics of ESCs and lineage-committed cells
represent either a cause or an effect of differentiation. Therefore, identifying a common
contributor(s) throughout these differences may reveal a molecular switch that governs
ESC fate.

1.4.

Molecular switches will be a common contributor to the differences
between embryonic stem cells and lineage-committed cells

Before being able to identify a common contributor to the molecular differences between
ESCs and lineage-committed cells, one first must know what these differences are. Two
key molecular differences between ESCs and lineage-committed cells are 1)
transcriptional regulatory circuitry operating within the cell, and 2) cell cycle dynamics.

1.4.1.

Specific transcriptional programmes maintain embryonic stem cells

It is well known that specific gene expression programmes determine cell identity (Boyer
et al., 2006). ESCs are characterised by the expression of pluripotency genes while
developmental/differentiation genes are repressed. A complex transcriptional regulatory
network is responsible for maintaining this characteristic gene expression pattern in ESCs.
This network includes core transcription factors, and chromatin regulators.

1.4.1.1.

Core transcription factors that maintain the stem cell state

The gene expression profile of embryonic stem cells is largely governed by the core
transcription factors Oct4, Sox2, and Nanog. These proteins were identified for their
essential roles in establishing and/or maintaining the stem cell state.
Oct4 plays a pivotal role in deciding cell fate during blastocyst formation. While Oct4null mouse embryos develop to the blastocyst stage, cells of the epiblast are not pluripotent
(Nichols et al., 1998; Niwa et al., 2000); instead they become committed to a placental cell
3

fate (Nichols et al., 1998; Niwa et al., 2000). Correct levels of Oct4 are not only required
to establish pluripotent epiblast cells, but also to maintain the pluripotent state, with less
than a two-fold increase in Oct4 levels resulting in epiblast cells differentiating down
certain somatic cell lineages (Nichols et al., 1998; Niwa et al., 2000). Therefore critical
levels of Oct4 are required to establish and maintain pluripotency, with deviations away
from these critical levels, in either direction, inducing divergent developmental
programmes (Niwa et al., 2000). Similar to Oct4, Sox2 is required for establishing the
epiblast cell lineage (Avilion et al., 2003; Masui et al., 2007).
Nanog was identified as a self-renewal determinant in ESCs, able to direct propagation of
undifferentiated mouse ESCs (mESCs) (Chambers et al., 2003; Mitsui et al., 2003). In
developing mouse embryos Nanog is restricted to cells of the inner cell mass that form the
epiblast (Chambers et al., 2003; Hart et al., 2004; Mitsui et al., 2003), with differentiation
into somatic cell lineages associated with decreased levels of Nanog (Hart et al., 2004).
These studies established Oct4, Sox2, and Nanog as having a central role in the
transcriptional regulatory hierarchy that specifies ESC identity.

Subsequent studies

revealed that these three factors co-bind a large number of genes in human ESCs (hESCs)
and can activate or repress their target genes (Boyer et al., 2005). Targets activated by
these three factors include Oct4, Sox2, and Nanog themselves, and components of the
Tgfβ and Wnt signalling pathways which are known to play a role in pluripotency and
self-renewal in both mouse and human ESCs. Included in the transcriptionally inactive
genes co-occupied by Oct4, Sox2, and Nanog are those encoding transcription factors
implicated in the differentiation into somatic cell lineages (Boyer et al., 2005). Therefore,
Oct4, Sox2, and Nanog contribute to pluripotency and self-renewal by activating their own
expression and that of genes encoding components of key signalling pathways, while
repressing genes involved in differentiation (Boyer et al., 2005).
In addition to Oct4, Sox2, and Nanog, c-Myc is another key transcription factor that
contributes to the gene expression programme that promotes ESC identity. c-Myc was
first identified as a central player in maintaining ESC identity when it was found to be a
key effector in the self-renewal pathway of ESCs (Cartwright et al., 2005). Subsequent
studies have revealed that c-Myc regulates a large number of genes in ESCs, with over
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3000 promoters targeted by c-Myc in mESCs (Kim et al., 2008). Interestingly, while
Oct4, Sox2, and Nanog tend to co-occupy a large number of their targets in ESCs, c-Myc
targets rarely overlap with genes bound by these other three factors (Chen et al., 2008;
Kidder et al., 2008; Kim et al., 2008). Furthermore, in contrast to genes bound by Oct4,
Sox2, and Nanog, the majority of c-Myc target genes are activated in ESCs (Kidder et al.,
2008; Kim et al., 2008). c-Myc target genes include those encoding the core transcription
factors, Oct4, Sox2, and Nanog, as well as those that encode epigenetic regulators, cell
cycle regulators (Kidder et al., 2008), and mediators of protein metabolism (Kim et al.,
2008).

1.4.2.

Chromatin structure influences gene expression

In eukaryotes, DNA is organised into complex higher-order structures, enabling the large
amount of DNA to fit within the nucleus. At the simplest level, 146 bp of DNA is
wrapped around an octamer of core histone proteins (two copies each of H2A, H2B, H3,
and H4) to form a nucleosome, which represents the functional unit of chromatin (Misteli,
2010). Multiple nucleosomes are linked by stretches of DNA, often occupied by a linker
histone, into a beads-on-a-string fibre approximately 10 nm in diameter. This primary
fibre is then further compacted onto itself to form higher-order forms of various diameters.
At the next level of organisation, the chromatin fibre folds into sub-chromosomal domains
approximately 1 Mb in size (Misteli, 2010). These sub-chromosomal domains in turn are
folded to give rise to an interphase chromosome (Misteli, 2010).

Chromosomes are

subsequently organised in a non-random fashion within the nucleus, with chromosomes
occupying discrete territories (Misteli, 2010) with respect to the centre or periphery of the
nucleus, and with respect to each other (Fraser and Bickmore, 2007). These preferential
positions are probably functional as they vary among tissues during development and
among cell types (Misteli, 2010).

Furthermore, within the chromosome territories

themselves, single genes are also arranged in a non-random fashion.
For gene transcription to occur, transcription factors need to access regulatory DNA
sequences at appropriate times. The higher-order organisation of the genome alters the
accessibility of DNA and therefore influences DNA transcription. DNA accessibility can
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be modulated locally, at the level of the nucleosome, or globally, at the level of
chromosomal interactions.
Chromatin regulators, which include histone-modifying enzymes, histone variants, and
nucleosome-remodelling enzymes, can alter nucleosome dynamics and chromatin
structure, thereby having effects on gene expression. Histones have a highly structured
core domain, involved in intranucleosomal histone-histone interactions, and unstructured
N- and C-terminal tails that extend outside of the nucleosomal core (Hansen et al., 1998).
These histone tails are subject to a wide variety of modifications including acetylation,
methylation, phosphorylation, and ubiquitination (Sha and Boyer, 2009). A range of
enzymes, including histone-methyltransferases, -demethylases, -acetyltransferases, and deacetylases, are responsible for catalysing the addition and removal of these chemical
moieties.

The subsequent histone modifications alter chromatin structure by altering

protein-protein and protein-DNA interactions, with different histone modifications
associated with distinct functional consequences. For example, trimethylation of histone
H3 at lysines 9 (H3K9me3) and 27 (H3K27me3) are considered repressive modifications
as they correlate with tightly packed, silent chromatin (heterochromatin) (Cao et al., 2002;
Lachner et al., 2001) whereas trimethylation of histone H3 at lysine 4 (H3K4me3), and
acetylation of histone H3 at lysine 9 (H3K9Ac), are considered active modifications as
they correlate with an open chromatin state (euchromatin) and transcriptional initiation
(Bernstein et al., 2002; Liang et al., 2004). Trithorax group (TrxG) and Polycomb group
(PcG) complexes are two examples of chromatin regulators that modify histone tails
through their histone-methyltransferase activity. TrxG complexes catalyse trimethylation
of histone H3 at lysine 4 (H3K4me3) in proximity to promoters of genes that experience
transcriptional initiation by RNA polymerase II (RNA Pol II). In contrast, PcG complexes
catalyse the trimethylation of histone H3 at lysine 27 (H3K27me3), which is associated
with transcriptional repression. In mammals, two Polycomb Repressive Complexes (PRC)
have been identified, with PRC2 found to be responsible for the repressive H3K27me3
modification (Cao et al., 2002). TrxG and PcG complexes are key regulators of ESC
identity with a number of TrxG and PcG complex members having been implicated in
stem cell maintenance (McMahon et al., 2007; Molofsky et al., 2003), and ESC
differentiation (Pasini et al., 2007).
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In addition to histone modifications, the replacement of core histones with specific
variants has emerged as a key mechanism to modulate nucleosome dynamics (Sha and
Boyer, 2009). Protein sequences of histone variants diverge from the core histone proteins
(Altaf et al., 2009) and the inclusion of various types of histone variants can induce
localised changes in chromatin structure (Sha and Boyer, 2009). The H2A.Z and H3.3
histone variants are emerging as important regulators of embryonic stem cell identity.
H2A.Z coincides with PcG complexes and is required for appropriate differentiation of
ESCs (Creyghton et al., 2008), while H3.3 correlates with transcription in ESCs (Goldberg
et al., 2010).
Nucleosome-remodelling enzymes can also affect nucleosome dynamics. These enzymes
alter the histone-DNA contacts using the energy of ATP hydrolysis (Gaspar-Maia 2011).
The disruption of the histone-DNA contact itself is poorly understood, but the
consequences are that DNA becomes exposed to regulatory proteins, and nucleosomes
become more actively mobile. Nucleosome-remodelling enzymes can be divided into four
families: SWI/SNF (switch/sucrose nonfermentable), CHD (chromodomain helicase DNAbound), ISWI (imitation switch), and INO80 (inositol-required 80).
While chromatin regulators can alter DNA accessibility at the level of the chromatin fibre,
other factors are involved in altering DNA accessibility on a global scale, arranging the
three dimensional organisation of the genome through chromosomal interactions. One of
these factors is the CCCTC-binding factor (CTCF). CTCF acts mainly as an insulator
protein, blocking the action of enhancers on a gene target or buffering genes from the
effects caused by adjacent chromatin domains (Handoko et al., 2011; Misteli, 2010).
CTCF exerts this insulator function via chromatin looping. CTCF forms homodimers and
multimers on chromatin and CTCF-mediated chromatin loops have been shown at various
genes, including the mouse β-globin gene, and at the human major histocompatibility
locus (Majumder et al., 2008; Splinter et al., 2006). In some cases, CTCF-mediated
looping depends on the cohesin protein complex (see later).

In addition to intra-

chromosomal interactions, CTCF has also been shown to mediate inter-chromosomal
interactions and is therefore one of the leading candidates as a global genome organiser to
coordinate higher-order chromatin structures and regulate gene expression (Phillips and
Corces, 2009). Indeed, recent results from mouse embryonic stem cells revealed that
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CTCF configures the genome into distinct chromatin domains and subnuclear
compartments that exhibit unique chromatin states and diverse transcriptional activities
(Handoko et al., 2011).
1.4.2.1.

Distinct chromatin states characterise embryonic stem cells

Many chromatin regulators function in ESCs to maintain a characteristic chromatin state
that is permissive for transcription. Two particular characteristics of ESC chromatin are its
open-ness, and bivalent nature.
ESCs have higher global levels of histone acetylation compared with differentiated cells,
consistent with a more open chromatin structure and with the observed higher level of
transcription (Efroni et al., 2008). Differentiation results in a marked reduction in histone
acetylation and increase in heterochromatin formation (Meshorer and Misteli, 2006).
Therefore, ESC differentiation is accompanied by the transition from a highly dynamic
chromatin state to a more stable configuration in lineage-committed derivatives.
Normally gene expression correlates with active chromatin marks, such as H3K4me3, at
the transcriptional start site (TSS) of genes. Interestingly however, many lowly expressed
genes in mouse and human ESCs that encode developmental regulators, such as
transcription factors and signalling proteins, are enriched in both the active H3K4me3 and
repressive H3K27me3 chromatin marks at their TSS (Azuara et al., 2006; Bernstein et al.,
2002; Mikkelsen et al., 2007). This bivalent chromatin state is established by TrxG and
PcG complexes. Co-localisation of opposing chromatin modifications in ESCs has been
suggested to keep developmental genes in a poised state, priming them for rapid induction
upon differentiation.

The majority of bivalent marks resolve to either the active or

repressive mark upon ESC differentiation, with the remaining modification correlating
with the expression status of the gene (Bernstein et al., 2006; Mikkelsen et al., 2007).
Another feature, pertaining to chromatin state, which characterises ESCs is transcriptional
pausing of RNA Polymerase II (RNA Pol II). Transcriptional pausing is a phenomenon in
which genes experience initiation of transcription without elongation of mRNA transcripts
(Cao et al., 2002). Originally regarded as an isolated phenomenon that occurred at the
Drosophila heat shock protein and mammalian c-Myc genes, transcriptional pausing is
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now regarded as a more general mechanism of gene regulation following the revelation
that transcriptional pausing occurs at a large fraction of genes in mammalian and
Drosophila cells (Chiba et al., 2010; Gilmour, 2009; Guenther et al., 2007; Muse et al.,
2007).
Transcriptional pausing has recently been found to play a central role in regulating specific
gene expression programmes in ESC and lineage-committed cells, with many
developmental regulatory genes being paused in both pluripotent and differentiated cell
types. Interestingly, upon mesodermal differentiation of human ESCs, 98-99% of the
genes that changed expression transitioned into or out of a paused transcriptional state
(Golob et al., 2011), indicating that a paused transcriptional state is a crucial control point
for developmentally regulated loci (Golob et al., 2011). Furthermore, the progression of
RNA Pol II into productive elongation is a major regulatory step during the differentiation
of mouse ESCs (Min et al., 2011). The c-Myc transcription factor is responsible for
regulating transcriptional pause release in ESCs (Rahl et al., 2010).

Transcriptional

pausing is mediated by the negative elongation factor (NELF), and the DRB sensitive
inducing factor (DSIF), which bind RNA Pol II and repress elongation. Elongation is
promoted following the recruitment of the positive transcriptional elongation factor (PTEFb) to promoter sites, which phosphorylates NELF and promotes its dissociation from
RNA Pol II, phosphorylates DSIF turning it into a transcriptional activator, and
phosphorylates RNA Pol II. c-Myc is responsible for recruiting P-TEFb to promoters
containing paused polymerase, therefore promoting RNA Pol II elongation (Rahl et al.,
2010).
In summary, stem cell transcription factors, chromatin dynamics, and transcriptional
pausing co-operate to preserve stem cell identity.

1.4.3.

Cell cycle dynamics define the self-renewal hallmark of embryonic
stem cells

While the pluripotent nature of ESCs is maintained by the transcriptional mechanisms
discussed above, another hallmark of ESCs, self-renewal, is mediated by distinct cell cycle
dynamics.
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1.4.3.1.

Progression through the cell cycle is a regulated process

Cell proliferation occurs by progression through the cell cycle, which comprises the gap 1
(G1), synthesis (S), gap 2 (G2), and mitotic segregation (M) phases (Orford and Scadden,
2008). Progression through the cell cycle is tightly regulated, particularly at the transitions
from G1 to S and G2 to M phases. These transitions are governed by the cyclin-dependent
kinases (CDK), CDK2 and CDK1, respectively. However, CDKs are only activated when
all the requirements for successful progression are fulfilled. In addition to these cellintrinsic checkpoints, the restriction point (R) divides the G1 phase into the mitogendependent early G1 phase, and the mitogen-independent late G1 phase (Orford and
Scadden, 2008). In general, cells must be stimulated by mitogenic signals to traverse the
early G1 phase and proceed through the cell cycle. In contrast, in the absence of mitogenic
signals, cells exit the cell cycle during the early G1 phase and enter a dormant/quiescent
state (G0), which is characterised by small cell size and low metabolic activity (Orford and
Scadden, 2008). In the presence of mitogenic signals, cells pass the restriction point and
are committed to enter the cell cycle at which point they no longer require mitogenic
stimuli (Orford and Scadden, 2008).
The transition through early G1 is regulated by the D type cyclins, and their enzymatic
partners, CDK4 and CDK6. Cyclin D-CDK4 and cyclin D-CDK6 complexes function
through enzymatic and non-enzymatic mechanisms to partially inactivate the
retinoblastoma tumour suppressor protein (RB), and to activate expression of cyclin E.
Progression through late G1 is characterised by mitogen-independent activation of cyclin
E-CDK2 complex activity and concomitant hyperphosphorylation and complete
inactivation of RB, which enables the transition to S phase.

In addition to the RB

pathway, c-Myc also plays an important role in the transition through G1.

c-Myc

expression is absent in quiescent cells and is rapidly induced upon the addition of growth
factors (Neganova and Lako, 2008). One mechanism by which c-Myc promotes cell cycle
progression is by activating the expression of many cell cycle regulators including cyclin
D and cyclin E (Meyer and Penn, 2008).
Two families of cyclin dependent kinase inhibitors (CDKIs) regulate the transition through
G1 phase. In particular, members of the Ink4 family are direct inhibitors of the early G1
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cyclin D-CDK4 and cyclin D-CDK6 complexes and members of the CIP/KIP family (p21,
p27, p57) are direct inhibitors of the late G1, cyclin E-CDK2 complexes. These inhibitors
generally slow or prevent the transition through the cell cycle by blocking kinase activity.

1.4.3.2.

The cell cycle in embryonic stem cells is different to that of
committed cells

The cell cycle of ESCs is shorter than that of lineage-committed cells, which is due to a
reduced or non-existent G1 phase (Becker et al., 2006; Fluckiger et al., 2006; Neganova
and Lako, 2008; Savatier et al., 1994; White and Dalton, 2005). The absence of G1 from
mouse ESCs allows them to avoid differentiation-inducing effects of certain mitogenic
signalling pathways that are active during early G1 in other cells (Orford and Scadden,
2008).
In addition to a shortened G1 phase, at least in mouse, ESCs have a constitutive cyclin ECDK2 activity that is independent of the cell cycle phase (Orford and Scadden, 2008).
This may explain why RB is hyperphosphorylated, and therefore inactive, throughout the
cell cycle of mESCs (Savatier et al., 1994). As a result of constitutive cyclin E-CDK2
activity, cells pass the restriction point of G1 even in the absence of mitogenic signals.
When ESCs differentiate, the length of the G1 phase increases substantially and this is
associated with the establishment of cell cycle-dependent CDK2 activity and activation of
a functional RB pathway (White and Dalton, 2005).
Therefore the cell cycle is regulated in a different way in ESCs compared to committed
cells.

Since transcriptional regulation feeds into cell cycle regulation, how do ESC

transcription dynamics influence the cell cycle?

1.4.4.

Integration of transcription factors with cell cycle dynamics in
embryonic stem cells

Evidence that core transcription factors influence cell cycle dynamics in ESCs suggests
that the transcription programme and cell cycle dynamics may function co-operatively to
maintain ESC identity.
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Given the role of c-Myc in regulating the progression through the G1 phase of the cell
cycle, unsurprisingly, levels of c-Myc affect cell cycle dynamics. Overexpression of cMyc leads to a reduction in growth factor requirements and a shortened G1 phase (Karn et
al., 1989), while a reduction in c-Myc expression results in a lengthening of the cell cycle
(Shichiri et al., 1993). However, in addition to c-Myc, the expression of other ESC
transcription factors also influences cell cycle dynamics. Nanog overexpression shortens
the time needed for G1 to S transition, and causes an increase in the number of cells in S
phase (Zhang et al., 2009b), while Oct4 downregulation in ESCs inhibits proliferation by
blocking cell cycle progression in G0/G1 (Lee et al., 2010). Observations suggest that G1
corresponds to a window of increased sensitivity to differentiation signals. It has been
suggested that the regulation from G1 to S phase in ESCs by the core transcription factors,
and the subsequent shortened G1 phase, shields ESCs from activities that will induce their
differentiation.
In summary, transcription programmes and cell cycle dynamics delicately balance the
transition between pluripotency and differentiation. Therefore, factors involved in both
regulating gene expression and the cell cycle have the potential to be molecular switches
that govern the fate of ESCs. Cohesin is a protein complex with roles in both these
processes and thus has the potential to be a molecular switch that governs ESC fate.

1.5.

1.5.1.

Cohesin is a potential molecular switch that governs cell fate in
embryonic development
Cohesin is a multi-functional protein complex

Cohesin is an evolutionarily conserved multi-subunit protein complex that was first
identified for its role in sister chromatid cohesion, in which it holds sister chromatids
together from S phase until the metaphase-anaphase transition of mitosis. In addition to its
role in sister chromatid cohesion, cohesin is involved in DNA damage repair, and more
recently cohesin was found to function in regulating gene expression.
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1.5.2.

Structure of cohesin

Cohesin is composed of four core proteins, namely Structural Maintenance of
Chromosome (Smc) subunit 1, Smc3, Scc1, and Scc3. While originally identified in yeast,
cohesin proteins are conserved in higher eukaryotes (see Table 1.1 for nomenclature across
species).
Table 1.1. Protein nomenclature of core cohesin subunits.
Generic
name

Saccharomyces
cerevisiae

Schizosaccharomyces
pombe

Drosophila
melanogaster

Danio
rerio

Homo sapiens

Smc1

SMC1

Psm1

SMC1

Smc1a

SMC1A

Smc3

SMC3

Psm3

Cap

Smc3

SMC3

Scc1

MCD1/SCC1

Rad21

Rad21

Rad21

RAD21

Scc3

SCC3

Psc3

SA2

SA-2

STAG2

Table adapted from (Rhodes et al., 2011).

The core cohesin proteins come together to form a large ring-like structure (see Figure 1.1).
Smc1 and Smc3 are large ATPases with an unusual domain structure whereby two
globular domains at each end of the amino-acid chain flank extended coiled-coil regions
that are separated at the centre by a hinge domain (Jessberger, 2002). The polypeptide
chains of Smc proteins fold back on themselves, around the central ‘hinge’ domain, to
create an intramolecular coiled-coil structure 45 nm long (Haering et al., 2002). Folding in
this manner forms a globular ATPase head, at the opposite end to the hinge domain,
composed of both the N- and C-terminal sequences (Peters et al., 2008). In the cohesin
complex, Smc1 and Smc3 interact with each other, via their hinge domains, to form a Vshaped heterodimer (Haering et al., 2002). The kleisin family protein Scc1 then bridges
the ATPase heads of the two Smc proteins together to form a ring-like structure
approximately 50 nm in diameter (Haering et al., 2002). In particular, the N- and Cterminals of Scc1 bind to the ATPase heads of Smc3 and Smc1, respectively (Haering et
al., 2002). The fourth core protein, Scc3, binds to the C-terminus of Scc1 to complete the
cohesin complex. Scc3 does not directly bind the Smc1/3 heterodimer but is linked to it by
Scc1 (Haering et al., 2002).
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1.5.3.

Cohesin’s role in the cell cycle: sister chromatid cohesion

Cellular proliferation results in the formation of two daughter cells that are genetically
identical to each other and their parent cell. The genetic integrity of daughter cells is
maintained through accurate duplication of all chromosomes within the parent cell nucleus
and the subsequent segregation of these sister chromatids during mitosis.

Accurate

segregation of sister chromatids requires that each sister kinetochore is attached to
microtubules that extend to opposite spindle poles (bipolar attachment) during
prometaphase. Then, in anaphase, the spindle moves the sister chromatids in opposite
directions so that two genetically identical daughter cells form. Cohesion between sister
chromatids is also critical for accurate segregation as it opposes the force generated by the
attachment of sister kinetochores to the mitotic spindle until bipolar attachment has
occurred (Uhlmann et al., 1999).
Cohesin was first identified for its function in providing a cohesive force that holds sister
chromatids together from S phase until anaphase of mitosis. Many cohesin proteins were
first identified in Saccharomyces cerevisiae (S. cerevisiae) genetic screens for mutants that
had precocious sister chromatid separation during mitosis (Peters et al., 2008). Yeast
harbouring these cohesin mutations showed marked chromatid cohesion defects, and the
finding that the cohesin complex associated with chromosomes from late G1 until
metaphase of mitosis (Michaelis et al., 1997), coincident with the existence of cohesion,
provided support for cohesin being the glue necessary to hold sister chromatids together.
Although homologues of the yeast cohesin proteins were identified in higher eukaryotes,
the role of cohesin in sister chromatid cohesion was initially unclear in vertebrate cells.
This was due, in part, to the finding that most cohesin complexes were removed from
chromosomes during prophase of mitosis (Losada et al., 1998; Sumara et al., 2000).
However, it was subsequently shown that small amounts of cohesin, enriched at
centromeres, persist on mammalian chromosomes until metaphase (Hauf et al., 2001;
Waizenegger et al., 2000). This subpopulation of cohesin is removed immediately before
sister chromatids separate, consistent with cohesin having a role in cohesion in vertebrate
cells (Waizenegger et al., 2000).
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Many models have been proposed to explain how cohesin holds sister chromatids together.
The discovery of cohesin’s ring-like structure led to the idea that cohesin topologically
entraps sister chromatids (Haering et al., 2002). This model explained cohesin’s
association with chromatin despite lacking specific DNA-binding domains.

It also

explained how cleavage of Scc1 by separase (Uhlmann et al., 1999) or Smc3’s coiled-coil
by the tobacco etch virus (TEV) protease (Gruber et al., 2003) would cause both cohesin’s
dissociation from chromosomes and the dissolution of sister chromatid cohesion (Haering
et al., 2002). Within the realm of entrapment models, the currently accepted view is that
sister chromatids are entrapped within a single cohesin complex (Haering et al., 2008),
however a handcuff model has also been proposed postulating that sister chromatids are
held together by interactions between two different cohesin rings; one that has trapped one
chromatid and a second that has trapped its sister (Zhang et al., 2008b).

1.5.3.1.

Cohesion is established in S phase and dissolves during anaphase

Sister chromatid cohesion involves a series of steps that are described below and
summarised in Figure 1.1.
1.5.3.1.1.

Loading of cohesin onto chromosomes

In order for cohesion to be established, cohesin must first be loaded onto chromosomes. In
vertebrates this occurs in telophase (Losada et al., 1998), whereas in budding yeast cohesin
does not associate with DNA until the end of G1 (Guacci et al., 1997; Michaelis et al.,
1997). In S. cerevisiae a protein complex consisting of Scc2 and Scc4 is required to load
cohesin onto DNA (Ciosk et al., 2000). Subsequent studies revealed that this cohesin
loading complex is evolutionarily conserved with the identification of Scc2 (Nipped-B in
Drosophila and NIPBL in human) and Scc4 (MAU-2) homologues in fission yeast,
Drosophila, Xenopus and human (Bernard et al., 2006; Furuya et al., 1998; Gillespie and
Hirano, 2004; Rollins et al., 2004; Seitan et al., 2006; Tonkin et al., 2004; Watrin et al.,
2006).
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1.5.3.1.2.

Establishment of cohesion

While cohesin is able to bind to chromosomes prior to DNA replication, it can only
establish cohesion during S phase (Uhlmann and Nasmyth, 1998). The establishment of
cohesion requires the highly conserved Eco1 protein (Eco1 in yeast, Esco1/2 in human)
(Hou and Zou, 2005; Skibbens et al., 1999; Toth et al., 1999), which has acetyltransferase
activity (Hou and Zou, 2005; Ivanov et al., 2002). Recently Eco1 was found to target
Smc3 in vivo, acetylating two conserved lysine residues (K112 and K113 in S. cerevisiae,
and K105 and K106 in human) within Smc3 during S phase (Rolef Ben-Shahar et al.,
2008; Unal et al., 2008; Zhang et al., 2008a). These acetylation sites are positioned in the
middle of the N-terminal head domain of Smc3. Therefore it has been speculated that
acetylation may modulate the ATPase function of Smc3, subsequently turning a
chromosome bound cohesin complex into a cohesive complex (Zhang et al., 2008a). Eco1
has been shown to associate with DNA replication machinery (Kenna and Skibbens, 2003;
Moldovan et al., 2006; Skibbens et al., 1999), thereby providing a link between DNA
synthesis and cohesion establishment in the S phase of the cell cycle.
In addition to Eco1 several other proteins, including Pds5 and sororin, are required for the
establishment and/or maintenance of cohesion. Pds5 is a conserved protein that interacts
with cohesin and associates with chromatin in a cohesin-dependent manner (Hartman et
al., 2000; Losada et al., 2005). Pds5 is important for maintaining cohesion (Dorsett et al.,
2005; Hartman et al., 2000; Losada et al., 2005; Panizza et al., 2000; Tanaka et al., 2001).
Sororin is a component of the cohesin network (Nishiyama et al., 2010; Rankin et al.,
2005; Schmitz et al., 2007).

Sororin is dispensible for loading of cohesin onto

chromosomes but it is needed for both the establishment and maintenance of cohesion
(Schmitz et al., 2007). Depletion of sororin decreases the fraction of cohesive cohesin
(Schmitz et al., 2007) therefore causing cohesion defects. Additionally, sororin may play a
role in dissociating cohesin from DNA (see below).

1.5.3.1.3.

Dissociation of cohesin and the dissolution of cohesion

In vertebrates, a cleavage independent pathway removes cohesin from the chromosome
arms during prophase, whereas a separase-dependent pathway cleaves centromeric cohesin
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at the metaphase-anaphase transition of mitosis (Waizenegger et al., 2000). In contrast, in
yeast all cohesin is removed by cleavage at the metaphase-anaphase transition (Uhlmann et
al., 1999).
The prophase pathway of cohesin dissociation involves the activity of Polo-like kinase
(Plk) and Aurora B (Lipp et al., 2007; Losada et al., 2002; Sumara et al., 2002), which
phosphorylate cohesin, reducing the ability of cohesin to bind to chromatin (Sumara et al.,
2002). Depletion of the two mitotic kinases completely blocks prophase release of cohesin
(Losada et al., 2002). The critical target of Plk is the SA2 subunit of cohesin with
phosphorylated SA2 being essential for cohesin dissociation during prophase and
prometaphase (Hauf et al., 2005). It has recently been reported that the cohesin-associated
protein, sororin, interacts with Plk, providing a link for the recruitment of Plk to SA2
(Zhang et al., 2011). Within sororin, an evolutionarily conserved motif exists which is
phosphorylated by cyclin B-CDK1 activity and binds the polo-box domain of Plk.
Therefore it has been proposed that sororin is phosphorylated by cyclin B-CDK1 activity
at prophase and acts as a docking protein to bring Plk into proximity with SA2, resulting in
the phosphorylation of SA2 and the removal of cohesin complexes from chromosome arms
(Zhang et al., 2011).
Dissociation of cohesin during prophase also depends on the protein Wapl. Wapl depletion
prevents resolution of the two sister chromatids during prophase, while overexpression
results in an increased frequency of premature sister separation (Gandhi et al., 2006).
Wapl binds to the Scc1 and SA cohesin subunits (Gandhi et al., 2006; Kueng et al., 2006)
and Pds5 (Shintomi and Hirano, 2009), suggesting that it promotes cohesin release by
directly interacting with cohesin’s regulatory subunits (Gandhi et al., 2006). It has been
proposed that Wapl may be involved in disassociation of cohesin by either having a more
active, non-catalytic role in inducing cohesin to undergo conformational changes that
eventually lead to dissociation from chromatin (Gandhi et al., 2006), or that it may have a
role in preventing a dissociated population of cohesin from rebinding to chromatin.
Interestingly, Wapl’s ability to dissociate cohesin from DNA is inhibited by sororin
(Nishiyama et al., 2010). Sororin, which binds to cohesin in response to DNA replication
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and cohesin acetylation (Lafont et al., 2010; Nishiyama et al., 2010), displaces Wapl from
its binding partner Pds5 (Nishiyama et al., 2010).
While cohesin is being removed from chromosome arms during prophase in vertebrate
cells, centromeric cohesin is being protected from dissociation by the protein Shugoshin
(Sgo1) (McGuinness et al., 2005). Sgo1 associates with centromeres during prophase and
disappears at the onset of anaphase (McGuinness et al., 2005; Salic et al., 2004).
Expression of a version of SA2, whose mitotic phosphorylation sites have been mutated,
alleviates the precocious loss of sister chromatid cohesion and the mitotic arrest of cells
lacking Sgo1, suggesting that Sgo1 prevents phosphorylation of cohesin's SA2 subunit at
centromeres during mitosis (McGuinness et al., 2005). Indeed Sgo1 interacts with the
protein phosphatase 2A (PP2A), with this interaction required for centromeric localisation
of Sgo1 and proper chromosome segregation in human cells (Kitajima et al., 2006; Tang et
al., 2006). The phosphatase counteracts cohesin phosphorylation by Plk, thereby
preventing cohesin release.

Yet another protein, Bub1, is also implicated in the

centromeric localisation of Sgo1 (Kitajima et al., 2006; Tang et al., 2006) with PP2A
found to localise to centromeres in a Bub1 dependent manner (Tang et al., 2006).
Once all chromosomes are properly bi-orientated at the metaphase plate, dissociation of
centromeric cohesin (in vertebrates) and all cohesin (in yeast) occurs at anaphase resulting
in total dissolution of cohesion (Losada, 2008). This dissociation depends on site-specific
cleavage of Scc1 by the protease separase (Uhlmann, 2001). First however, separase
needs to be activated by releasing itself from its inhibitor, securin (Hornig et al., 2002;
Waizenegger et al., 2002). This is mediated by the anaphase promoting complex which
ubiquitinates securin, resulting in its degradation.
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Figure 1.1. Cohesin’s role in sister chromatid cohesion. Cohesin is loaded onto chromosomes
before S phase of the cell cycle and holds sister chromatids together throughout the G2 phase until
their separation at M phase. Phosphorylation (P), acetylation (Ac), and the interaction of cohesin
with numerous other proteins, regulate the binding and dissociation of cohesin with chromatin
throughout the cell cycle. (Figure adapted from (Rhodes et al., 2011).

1.5.4.

Cohesin’s role as a regulator of transcription

Over the last decade, a role for cohesin in regulating gene expression has emerged. The
first evidence for this came from studies investigating gene silencing in yeast (Donze et al.,
1999), and long-range gene activation in Drosophila (Rollins et al., 1999). The silentmating type loci of S. cerevisiae are surrounded by boundary elements that block the
spread of silent chromatin established by chromatin-bound silent information regulator
(SIR) protein complexes. Deletion of the boundaries surrounding the HMR silent-mating
type locus leads to spreading of the SIR complexes into neighbouring regions (Donze et
al., 1999).

Unexpectedly, cohesin was found to be necessary for establishing these

boundaries, with mutations affecting the Smc1 subunit of cohesin, resulting in the drastic
loss of boundary function and the spread of silenced chromatin (Donze et al., 1999). At
around the same time, a forward genetic screen in Drosophila identified the Scc2
orthologue Nipped-B as a modulator of enhancer-promoter interactions at the cut and Ubx
genes (Rollins et al., 1999). Depletion of cohesin subunits also affected expression of the
cut gene, but in the opposite direction from Nipped-B (Dorsett et al., 2005; Rollins et al.,
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2004). The best explanation so far for these divergent effects are that small changes in the
dose of cohesin and Nipped-B can have variable, or biphasic, effects on gene expression,
leading to opposite effects on transcription according to the severity of consequences for
dose reduction (the consequences of halving gene dose is more severe for Nipped-B than
for cohesin subunits) (Dorsett, 2011; Schaaf et al., 2009). Studies in zebrafish were the
first to show that the gene regulatory function of cohesin was conserved in vertebrates. In
early zebrafish embryos mutant for the cohesin subunit, rad21, expression of runx1 and
runx3 was abolished in a tissue-specific manner (Horsfield et al., 2007).
While these early studies indicated a role for cohesin in regulating gene expression, it was
unclear if the observed alterations in gene expression were a direct effect of cohesin
knockdown on transcription, or a result of compromised sister chromatid cohesion, due to
cohesin knockdown.

However, shortly after the findings in Drosophila emerged,

mutations in genes encoding the NIPBL, SMC1A, and SMC3 cohesin proteins were found
to cause Cornelia de Lange syndrome (CdLS), a developmental disorder characterised by
mental retardation, upper limb abnormalities, growth delay, and facial dysmorphisms
(Deardorff et al., 2007; Krantz et al., 2004; Musio et al., 2006; Tonkin et al., 2004).
Significantly, affected individuals had altered gene expression and developmental defects
without overt defects in chromosome segregation, suggesting the pathology of CdLS was
independent of cohesin’s role in sister chromatid cohesion (Dorsett, 2009).

Animal

models of CdLS also support the idea that the pathology is due to altered expression of
numerous developmental genes (Kawauchi et al., 2009; Muto et al., 2011; Zhang et al.,
2009a).
The strongest support for a cell cycle-independent role for cohesin in gene regulation arose
from studies that examined cohesin expression and function in post-mitotic tissues, where
cells no longer require cohesin for proliferation. Cohesin can be expressed in post-mitotic
cells in a tissue-specific manner; for example, cohesin genes are expressed in nonproliferating cells in the developing zebrafish brain (Monnich et al., 2009). In Drosophila,
a function for cohesin was identified in the pruning of post-mitotic neurons.

An

insertional mutagenesis screen identified the cohesin subunit Smc1 as being essential for
pruning γ neurons in Drosophila mushroom bodies (Schuldiner et al., 2008). In an elegant
strategy for cohesin ablation, the placement of a tobacco etch virus (TEV) cleavage site
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into the Rad21 subunit of cohesin enabled artificial cleavage of cohesin to remove its
function in post-mitotic neurons of the Drosophila mushroom body.

TEV-mediated

cohesin cleavage abolished the developmentally controlled pruning of both axons and
dendrites of γ neurons (Pauli et al., 2008). Ablation of cohesin function in Drosophila
salivary glands by the same technique confirmed that cohesin directly regulates the
expression of a distinct set of genes, including the ecdysone receptor and other genes that
mediate the ecdysone response (Pauli et al., 2010). The responsiveness of gene expression
to cohesin depletion was sufficiently rapid to suggest that cohesin acts directly on genes to
control their transcription (Pauli et al., 2010).

1.5.4.1.

Mechanism of cohesin-dependent gene regulation

Evidence suggests that cohesin regulates gene expression by modifying chromatin
structure at both global and local levels.

1.5.4.1.1.

Cohesin functions with CTCF to mediate long-range
chromosomal interactions

Genome-wide analyses of cohesin binding were among the first to shed light on potential
mechanisms for cohesin-dependent transcription. In 2008, several studies revealed that
much of cohesin co-localises genome-wide with the CTCF insulator protein (Parelho et al.,
2008; Rubio et al., 2008; Stedman et al., 2008b; Wendt et al., 2008).

CTCF is an

evolutionarily conserved insulator protein that plays an integral role in organising
chromosome conformation in the nucleus (Handoko et al., 2011). Recently, a whole
genome investigation of CTCF-mediated interactions in the nucleus of mouse ESCs
identified chromatin loops, anchored by CTCF, that demarcate distinct chromatin domains
(Handoko et al., 2011). The ability of CTCF to mediate the formation of chromatin loops
may in some cases depend on cohesin action. For example, cohesin is necessary for
CTCF-dependent chromatin conformation at the imprinted H19-IGF2 locus (Nativio et al.,
2009). Consistent with cohesin-dependent chromatin conformation having a regulatory
role, depletion of the Rad21 subunit of cohesin caused increased levels of IGF2 mRNA
(Nativio et al., 2009). Potentially in association with CTCF, cohesin has also been found
to mediate chromatin looping at a number of other genes, including the interferon γ locus
21

(Hadjur et al., 2009), the locus control region of the β-globin gene (Chien et al., 2011), and
the HoxA locus in mice (Kim et al., 2011). These findings lend support to the increasingly
popular theory that cohesin regulates gene expression by mediating long-range
chromosomal interactions.

1.5.4.1.2.

Cohesin mediates long-range chromosomal interactions
independently of CTCF

While the majority of cohesin was found to co-localise with CTCF genome-wide, recently
a novel subset of cohesin binding sites, independent of CTCF binding, was revealed that
are highly tissue-specific. In breast cancer cells, cohesin was shown to co-localise with
oestrogen receptor α (ERα), while in liver cells binding of cohesin coincided with that of
hepatocyte nuclear factor 4 α (HNF4A) binding (Schmidt et al., 2010). Furthermore,
several genomic sites bound by both cohesin and ERα in MCF7 breast cancer cells were
associated with ERα-anchored chromatin loops (Fullwood et al., 2009; Schmidt et al.,
2010). Therefore, it is possible that cohesin is functionally involved in the formation of
ERα-anchored loops in a tissue-specific manner. Stage-specific recruitment of cohesin to
immunoglobulin and β-globin loci in mice supports the idea that cohesin is involved in
forming tissue-specific and developmental-stage-specific chromatin structures (Degner et
al., 2009; Hou et al., 2010). Significantly, in mouse embryonic stem cells, cohesin and the
Mediator complex have been shown to mediate long-range interactions between distal
enhancers and the pluripotency genes Pou5f1, which encodes Oct4, and Nanog (Kagey et
al., 2010). In all of these cases, there is evidence that the contribution of cohesin to
chromatin structure has diverse functional consequences ranging from the concatenation of
immunoglobulin loci to gene transcription.

1.5.4.1.3.

Local chromatin changes

Regulation of local chromatin structure is another potential mechanism by which cohesin
might contribute to transcriptional control. Polycomb group (PcG) and trithorax (TrxG)
protein complexes maintain chromatin in silent and activated states, respectively, through
modifications of histone tails. Cohesin function has been implicated in both PcG and
TrxG activity.

A Drosophila rad21 mutant, called verthandi, behaves like a TrxG
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mutation in that it can suppress PcG mutations in some tissues (Hallson et al., 2008).
Cohesin binding to Drosophila chromosomes is predominantly excluded from regions
enriched in the H3K27me3 mark, a signature of PcG repression (Misulovin et al., 2008).
Of interest, some genes that respond the most to changes in cohesin or Nipped-B dose are
enriched in both H2K27me3 and cohesin, raising the possibility that PcG proteins
sometimes co-operate with cohesin to regulate transcription (Schaaf et al., 2009). In
support of this idea, an inducible biotinylation-tagging approach used to purify PcGassociated factors from Drosophila embryos identified an association of PcG complexes
with cohesin (Strubbe et al., 2011). Furthermore, PcG-dependent silencing of a transgenic
reporter was shown to depend on cohesin function (Strubbe et al., 2011).

1.5.5.

Evidence that cohesin functions to govern embryonic stem cell fate

Recently, cohesin has been implicated in regulating genes critical for maintaining ESC
identity, providing support for cohesin being a molecular switch that governs ESC fate.
A small hairpin RNA screen for pluripotency factors identified subunits of the Mediator
and cohesin complexes as proteins required to maintain mouse ESC state (Kagey et al.,
2010). The Mediator complex is thought to bridge interactions between transcription
factors at enhancers and the transcription initiation apparatus at core promoters (Conaway
and Conaway, 2011a). Reducing the levels of Mediator, cohesin, and Nipbl had the same
effect on ESC state as loss of Oct4 itself, suggesting that they are important in maintaining
expression of the key pluripotency transcription factors (Kagey et al., 2010).
The co-occupancy of Mediator, cohesin, and Nipbl at the promoter regions of Pou5f1
(encodes Oct4) and other active ESC genes indicates that these proteins may all contribute
to the control of their transcription (Kagey et al., 2010). Approximately one quarter of
genes co-occupied by Mediator, cohesin, Nipbl, and RNA Pol II showed significant gene
expression changes when each of Mediator, cohesin and Nipbl was knocked down,
suggesting that these actively transcribed genes depend on each of those factors for normal
expression (Kagey et al., 2010). This normal expression is likely to be through looping
between enhancers and the core promoters of the active genes, since physical contact
between enhancers and the promoters of Nanog, Phc1, Pou5f1 and Lefty1 were identified
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in ESCs (Kagey et al., 2010). These interactions were not detected in differentiated
fibroblasts in which these genes are silent. Depletion of cohesin or Nipbl abolished
enhancer-promoter interactions, and decreased Pou5f1 and Nanog expression (Kagey et
al., 2010).
A further recent study in human ESCs identified CTCF-independent RAD21 binding sites
that coincided with binding of the transcription factors OCT4, NANOG, SOX2, KLF4 and
ESRRB (Nitzsche et al., 2011). Analysis of global gene expression changes following the
knockdown of RAD21 in ESCs revealed the downregulation of stem cell maintenance
genes including POU5F1 and NANOG, and the upregulation of a large number of
developmental genes (Nitzsche et al., 2011). Changes in gene expression were similar to
those reported following depletion of pluripotency transcription factors, in particular
NANOG-depleted cells. Interestingly, many CTCF-independent RAD21 binding sites
were not present in differentiated embryoid bodies indicating that the co-localisation of
RAD21 with pluripotency transcription factors is specific for ESCs (Nitzsche et al., 2011).

1.6.

Developing methods to analyse the role of cohesin in determining cell
fate

The recent studies highlighted above provide support for cohesin functioning as a
molecular switch governing ESC fate. However, further studies are required to establish
the full extent of cohesin’s role in pluripotency. Investigating cohesin-dependent gene
regulation in pluripotency and cell-lineage differentiation will undoubtedly provide further
insight into cohesin’s role as a molecular switch governing ESC fate. In addition, other
vertebrate species, such as zebrafish, are establishing themselves as suitable models to
investigate the mechanisms underlying pluripotency, in vivo. This provides the novel
opportunity to study cohesin-dependent gene regulation in the developmental context of
pluripotency.

24

1.6.1.

Chromatin Immunoprecipitation methods for investigating the gene
regulatory function of cohesin

In order to further understand cohesin-dependent gene regulation it is important to identify
genes regulated by cohesin, and the mechanism by which cohesin regulates their
expression. If cohesin directly regulates the expression of a gene, then it is likely that
cohesin binds the regulatory region of that gene. Chromatin Immunoprecipitation (ChIP)
methods can be used to detect cohesin-genomic loci interactions in vivo, therefore enabling
the identification of genes bound, and therefore potentially regulated, by cohesin.
In brief, in ChIP, antibodies to DNA-binding proteins of interest are used to pull down
fragments of DNA that are bound by that protein. The ChIP-enriched DNA is then
analysed to determine where the protein of interest binds in the genome. In traditional
ChIP, purified DNA fragments are analysed by polymerase chain reaction (PCR) (Zecchini
and Mills, 2009). One restriction of this traditional approach is that analysis is limited to
predetermined candidate target sequences (Minard et al., 2009). The desire to overcome
this bias towards specific sequences of interest and rather identify genome-wide
transcription factor binding sites or histone modification profiles led to the development of
ChIP-chip (Zecchini and Mills, 2009). For ChIP-chip, purified ChIP enriched DNA and
input DNA samples are fluorescently labelled with a Cy5 or Cy3 fluorophore, respectively
(Collas, 2010; Minard et al., 2009). The two samples are mixed together and hybridised
onto a microarray containing oligonucleotide probes covering the whole genome or
portions thereof (Collas, 2010; Minard et al., 2009). In this dual colour approach, binding
of the immunoprecipitated protein of interest to a genomic site is established when the
intensity of the ChIP-enriched DNA significantly exceeds that of the input DNA on the
array (Collas, 2010; Minard et al., 2009). However, one limitation of ChIP-chip is that
available microarrays often only contain partial genomic content or promoter regions of
well-characterised genes (Wong and Wei, 2009).

Therefore, many analyses provide

incomplete information, as any biologically significant binding occurring within the noninterrogated regions cannot be captured (Wong and Wei, 2009). As an alternative to ChIPchip approaches, sequencing based methods have emerged for genome-wide ChIP
analyses (Wong and Wei, 2009).
technology revolutionised the field.

The development of next generation sequencing
ChIP coupled with high throughput sequencing
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(ChIP-seq) now enables the identification of binding sites genome-wide with greater
sensitivity and resolution than ever before (Barski and Zhao, 2009).

1.4.2.

Zebrafish as a model of pluripotency

While mammalian ESCs are a good in vitro model for studying the key factors underlying
pluripotency, and how these factors change upon cellular differentiation, in vivo models of
pluripotency are required in order to truly understand the molecular mechanisms
governing cell fate in early embryonic development. Zebrafish (Danio rerio) have become
widely used as a vertebrate model to study developmental biology and model human
diseases. Of particular importance in more recent times, zebrafish have emerged as an in
vivo model of pluripotency.
Similar to mammalian embryonic development, albeit over a shorter time frame, a series
of rapid cell divisions occurs following fertilisation of the zebrafish zygote, with resulting
cells (blastomeres) forming a cluster (blastodisc) on top of a yolk cell. By 3 hours post
fertilisation (h.p.f.), the period of rapid cell division ceases and cell cycles lengthen, this is
also known as the mid-blastula transition (MBT). It is at this time that blastomeres are
pluripotent and largely identical (Vastenhouw et al., 2010). In zebrafish, this period of
pluripotency coincides with activation of the zygotic genome (zygotic genome activation,
ZGA), with maternally inherited proteins and transcripts governing embryonic
development to this point (Vastenhouw et al., 2010). In developmental context, zebrafish
ZGA occurs later than in mammalian species, where the zygotic genome is activated
within the first few cell divisions following fertilisation (Schultz, 2002).
The main advantage that zebrafish offer over mammalian species is that the zebrafish
embryo develops externally to the mother and is transparent. Therefore, whole zebrafish
embryos at the pluripotency stage of development are easily available, and early
developmental processes can be easily visualised. Furthermore, large numbers of embryos
are obtained per breeding, and embryos can be easily manipulated to examine effects of
certain gene function during developmental processes. In addition to these key aspects of
zebrafish biology, further support for zebrafish as an in vivo model of pluripotency has
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come from recent studies that have demonstrated components of the pluripotency
transcriptional network are conserved in zebrafish.
An orthologue of mouse Pou5f1, which encodes Oct4, was identified in zebrafish (pou5f1)
(Burgess et al., 2002) and contributes to early embryonic development in a similar way to
its mammalian counterpart.

Consistent with a role in establishing/maintaining

pluripotency, pou5f1 is present in all zebrafish blastomeres until the MBT (corresponding
to the pluripotency period) (Takeda et al., 1994). Subsequently, expression of pou5f1 is
downregulated during gastrulation, the process of pluripotent cells transitioning to early
precursors of ectoderm, mesoderm, and endoderm (Takeda et al., 1994). Furthermore,
knockdown of pou5f1 in zebrafish causes a pre-gastrulation arrest of cell division and
morphogenesis, suggesting that zebrafish Oct4 functions during early proliferation and
morphogenesis of the blastomeres, similar to the role of mammalian Oct4 during
formation of the inner cell mass (Burgess et al., 2002). The conserved expression of
pou5f1 during pre-gastrulation and gastrulation stages across vertebrates suggests that, at
least in part, their functions during these stages are conserved (Onichtchouk et al., 2010).
Indeed it appears that the genes regulated by Oct4 are also conserved across species.
Microarray analysis performed on zebrafish pou5f1 mutant embryos revealed that 15% of
zebrafish Oct4 targets overlap with mouse Oct4 targets (Onichtchouk et al., 2010). This
conservation between target sets may be considered unexpectedly high given the modest
overlap of 9.1% between Oct4 targets identified for mouse and human (Onichtchouk et al.,
2010).
An orthologue of Nanog has also been identified and characterised in zebrafish, revealing
the functional conservation of Nanog from zebrafish to mammals (Schuff et al., 2011).
Nanog knockdown in zebrafish embryos prevents epibolic movements during gastrulation
and is lethal (Schuff et al., 2011). Injection of mouse mRNA encoding Nanog was able to
rescue depletion of zebrafish Nanog during gastrulation. Furthermore zebrafish Nanog
was found to promote proliferation and to inhibit differentiation of mouse embryonic stem
cells (Schuff et al., 2011).
Zebrafish are also becoming increasingly used to study changes in chromatin structure that
accompany pluripotency (Lindeman et al., 2011; Lindeman et al., 2010; Vastenhouw et al.,
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2010).

Chromatin states that characterise mammalian embryonic stem cells, such as

bivalency, are also present in pluripotent zebrafish embryos (Lindeman et al., 2010;
Vastenhouw et al., 2010). An advantage of studying chromatin states in zebrafish is that
one can determine chromatin structure before the zygotic genome is activated and,
therefore, can study the effect chromatin structure has on gene expression during
pluripotency.

1.7.

Scope of my Ph.D.

Previously a null mutation in the zebrafish rad21 gene (rad21nz171) was isolated in a
forward genetic screen for positive regulators of runx1 expression (Horsfield et al., 2007).
This was the first published evidence of cohesin regulating gene expression in vertebrates.
To identify additional genetic profiles regulated by cohesin during early zebrafish
development, a microarray analysis of rad21nz171 mutants was performed.

From this

analysis a network of genes, including myca (zebrafish c-Myc), were found to be
dysregulated in rad21nz171 mutants compared to wild type embryos. This was an intriguing
result as c-Myc had never been identified as a cohesin target before and, perhaps more
importantly, provided the first transcriptional (as opposed to cohesive) link between
cohesin and the cell cycle. Furthermore, since c-Myc is a key pluripotency factor, this
finding linked cohesin transcriptionally to pluripotency. It was this finding that initiated
my Ph.D. research into cohesin-dependent gene regulation in pluripotency. Because it
could be argued that dysregulated myca expression resulted from disruption of the cell
cycle in rad21nz171 mutants, my first objective was to determine if cohesin directly
regulated the expression of myca, and the mechanism of this regulation. To investigate
this I performed ChIP coupled with quantitative PCR (ChIP-qPCR) to determine if cohesin
bound to the myca locus, and tested the hypothesis that cohesin regulates myca expression
by functioning as a chromatin barrier upstream of myca. Following on from this, my
second objective was to determine if there were broader transcriptional links between
cohesin and pluripotency. To do this a ChIP-seq approach was taken to identify genes
bound, and therefore potentially regulated, by cohesin during pluripotency. However, as
ChIP methods are not commonly performed in zebrafish embryos, I needed to develop
ChIP methods for use in our laboratory before either of these objectives could be met.
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2.

Materials and Methods

2.1.
2.1.1.

Materials
Chemicals and reagents

All chemicals are of analytical grade, unless specified.
Unless stated all reagents were purchased from the following suppliers:
BDH Merck Ltd (VWR International Ltd, Poole, UK), Bio-Rad (Hercules, CA, USA),
Fisher Chemical (Leicestershire, UK), Invitrogen (Carlsbad, CA, USA), J.T. Baker (NJ,
USA), Labserv (Clayton, VIC, Australia), Scharlau (Barcelona, Spain), Sigma-Alrich (St
Louis, MO, USA).

2.1.2.

Solutions

Solutions were prepared using deionised Milli-Q (Millipore Corporation, Millipore,
Billerica, MA, USA) or UltraPure Distilled (RNase/DNase free) (Invitrogen, Carlsbad,
CA, USA) water. All solutions were sterilised by autoclaving (15 psi, 121 °C for 20
minutes), or filtering through a 0.2 µm filter, prior to use. Unless otherwise stated, all
stock solutions were diluted in Milli-Q water for use.
All solutions are listed in Appendix I.

2.1.3.
2.1.3.1.

Antibodies
Antibodies for Chromatin Immunoprecipitation assays

All antibodies used for ChIP assays were raised in rabbit.

Antibodies used were:

polyclonal anti-Rad21 (raised against a 15 amino acid peptide of the zebrafish protein,
GenScript Corporation, NJ, USA), polyclonal anti-Rad21 (992; Abcam, Cambridge, MA,
USA), polyclonal anti-Rad21 (42522; Abcam), polyclonal anti-acetylated histone H3 (0629

599; Millipore, Billerica, MA, USA), polyclonal anti-trimethylated histone H3 (Lys 9)
(07-442; Millipore), monoclonal anti-trimethylated histone H3 (Lys 4) (9751; Cell
Signaling Technology, Danvers, MA, USA), monoclonal anti-trimethylated histone H3
(Lys27) (9756; Cell Signaling Technology), and monoclonal anti-pan histone H3 (05-928;
Millipore).

2.1.3.2.

Antibodies for western blotting

Antibodies used for western blotting were (in addition to anti-Rad21 antibodies above):
mouse monoclonal anti-α tubulin (T5168; Sigma-Aldrich, St Louis, MO, USA), goat antirabbit IgG conjugated to Horseradish Peroxidase (A6154; Sigma-Aldrich), goat antimouse IgG conjugated to Horseradish Peroxidase (A4416; Sigma-Aldrich).

2.1.4.

Enzymes

Proteinase K, RNase A (20 mg/mL), and Platinum® Taq DNA Polymerase was purchased
from Invitrogen (Carlsbad, CA, USA). Pronase and Complete Mini EDTA-free protease
inhibitors were purchased from Roche (Mannheim, Germany).

2.1.5.

Zebrafish strains and husbandry

For all experiments, zebrafish embryos up until 30 hours post fertilisation (h.p.f.) were
used. Embryos were obtained by breeding adult zebrafish.
All zebrafish research was approved by the University of Otago Animal Ethics Committee,
under approvals 11/48 for 2011, and 07/54 for 2007-2011.

2.1.5.1.

Zebrafish husbandry

All zebrafish were housed in the Otago Zebrafish Facility (Department of Pathology,
Dunedin School of Medicine, Dunedin, New Zealand). Fish husbandry and procedures
were carried out in accordance with the Otago Zebrafish Facility Standard Operating
Procedures. Zebrafish were housed in a self-siphoning ZebTec system (Techniplast, Italy).
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Water quality parameters were continually monitored to maintain optimal conditions (7.08.0 for pH, 24-30 ºC for temperature, and 150-600 µS for conductivity). Any values
outside of ideal ranges were dealt with immediately by the facility manager/technician.
Fish were fed three times daily, twice with dry food (Zebrafish Management Limited,
Hampshire, UK) and once with Artemia (Brine Shrimp Direct, Ogden, UT, USA) that had
been cultured for 48 hours. Up until six weeks of age, zebrafish were also fed rotifers.

2.1.5.2.

Strains of zebrafish used to obtain embryos for experiments

Two strains of adult zebrafish, wild type (WT) and rad21nz171 heterozygote, were the
source of embryos for experiments. The WT strain was generated in-house and is on the
AB background, one of the most commonly found WT zebrafish strains. The rad21nz171
heterozygote strain originated from an ENU mutagenesis screen performed in the AB
strain (Horsfield et al., 2007). The rad21nz171 mutation occurs within exon 8 of the rad21
gene, at nucleotide 829 of cDNA sequence. The mutation changes codon 277 from GGA,
specifying a glycine amino acid residue, to the TGA stop codon. This mutation results in a
truncated protein (276 amino acid residues instead of 643 amino acid residues) that is
predicted to be non-functional.
2.1.5.3.

Breeding of zebrafish strains to obtain embryos for experiments

Adult zebrafish were bred to obtain embryos for experiments.

The majority of

experiments required wild type embryos, which were obtained by breeding zebrafish of the
WT strain. In addition to wild type embryos, rad21nz171 homozygote mutant embryos were
required for histone ChIP-qPCR experiments. To obtain rad21nz171 homozygote embryos,
rad21nz171 heterozygote zebrafish were bred together.

The resulting offspring were a

mixture of wild type, rad21nz171 heterozygote, and rad21nz171 homozygote embryos.
rad21nz171 homozygote embryos were sorted from the batch of embryos based on their
characteristic phenotype.

Of note, the phenotype of rad21nz171 homozygote mutant

embryos is not apparent until approximately 20 h.p.f. Therefore in experiments where the
effect of Rad21 knockdown needed to be analysed at earlier stages, antisense
oligonucleotide morpholinos were used to knock down Rad21 protein (see section 2.2.1.1).
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Breeding of adult zebrafish was performed as described by (Westerfield, 1993). In brief,
one male and one female were set up in a breeding system composed of two containers,
the afternoon before breeding was to occur, with the male and female being kept separate
overnight through a plastic insert. Automated lighting, coming on at 8 am the next
morning, stimulated spawning. As close as possible to this time, breeding pairs were
transferred to fresh water and the separator was removed allowing the fish to breed. The
inner container of the breeding system had slots in the bottom, allowing eggs to fall
through and collect below, within the larger outer container.
To collect embryos from the breeding system, the zebrafish were removed and the water
was poured through a tea strainer, which collected the embryos. Embryos were then kept
in a petri dish containing 1x E3 and incubated at 28 °C until the embryos had developed to
the appropriate stage for experiments, or they were used immediately for microinjection.

2.2.

Methods

2.2.1.

Zebrafish procedures

2.2.1.1.

Microinjection of morpholino

Antisense morpholino oligonucleotides (MOs) were used to knock down CTCF and Rad21
protein function in wild type embryos, generating morphants. MOs are nucleic acid
analogues, approximately 25 bp in length, that bind to complementary sequences of
mRNA and function by blocking the access of other molecules to specific sequences of the
mRNA. MOs can be designed to target the initiation codon (to block translation), or splice
junctions (to modify pre-mRNA splicing), of the target mRNA.
Morpholinos used to knock down CTCF function targeted the 3´ donor of exon 2
(ctcfSplx2-MO, 5´-CCAAAACAGATCACAAACCTGAAAG-3´) and the 5´ acceptor of
exon

2

plus

the

ATG

start

codon

(ctcfATG-MO,

5´-

CATGGGTAATACCTACATTGGTTAA-3´) and were designed using the ctcf sequence
available at Ensembl (ENSDARG00000056621). Both morpholinos should disrupt the
splicing of both identified splice variants of ctcf. The morpholino used to knock down
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Rad21 function targeted the ATG start codon of rad21 (rad21ATG-MO, 5´TCCTGCTTCACCCGCATTTTGTAAC-3´) (Horsfield et al., 2007).
Lyophilised MOs were obtained from GeneTools LLC (OR, USA) and reconstituted with
UltraPure Distilled water (Invitrogen, CA, USA) to give 2 mM morpholino stocks. These
stocks were subsequently diluted, according to Table 2.1, to give working concentrations
of morpholinos.
Table 2.1. Dilution of Morpholino stock solutions
Working Concentration of Morpholino
0.25 pmol/nL

0.5 pmol/nL

0.75 pmol/nL

1.0 pmol/nL

Phenol Red

10 µL

10 µL

10 µL

10 µL

1x Danieau Solution

7.5 µL

5 µL

2.5 µL

-

2 mM morpholino stock

2.5 µL

5 µL

7.5 µL

10 µL

Morpholinos were delivered into wild type embryos by microinjection using a YOU-1
Manipulator set (Narishige Co. Ltd, Tokyo, Japan). 1 nL of the appropriate working
concentration of MO was injected into the yolk cell of embryos at the 1- to 2-cell stage.
Following microinjection, embryos were kept in a petri dish containing 1x E3 media and
incubated at 28 °C until the embryos had developed to the appropriate stage for analysis.

2.2.1.1.1.

PCR to confirm impaired splicing of ctcf in CTCF morphants

The ctcfSplx2-MO was designed to prevent splicing of intron 2 of ctcf. PCR was used to
qualify impaired splicing in injected embryos. PCR was performed on cDNA, made from
RNA extracted from embryos (see 2.2.4), using primers that spanned intron 2 of ctcf (see
Appendix II for primer sequences). Intron 2 of ctcf is 83 bp, therefore using these primers
a product of 461 bp was expected from uninjected control embryos, and a larger PCR
product of 544 bp was expected from CTCF morphants.

A 2x PCR master mix was made that contained 100 µL 10x Buffer (200 mM Tris-HCl, pH
8.4, 500 mM KCl), 8 µL 25 mM dNTPs, 50 µL 3 µM Forward primer, 50 µL 3 µM
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Reverse primer, 30 µL 50 mM MgCl2, and 262 µL UltraPure Distilled water. PCR
reactions were performed in volumes of 50 µL. Reactions contained 25 µL of the 2x PCR
master mix from above, 0.5 µL Platinum® Taq DNA Polymerase (Invitrogen), 22.5 µL
UltraPure Distilled water, and 2 µL of cDNA. The PCR cycle programme contained an
initial denaturation of 5 minutes at 95 °C, followed by 35 cycles of denaturation at 95 °C
for 30 seconds, annealing at 55 °C for 1 minute, and extension at 72 °C for 40 seconds.
The final extension was 72 °C for 5 minutes. To determine the size of the PCR product
agarose gel electrophoresis was performed.

2.2.1.1.2.

Agarose gel electrophoresis

Agarose powder (1.5% w/v) was dissolved in 1x TAE buffer. DNA was prepared by the
addition of DNA loading dye (1x final v/v) before electrophoresis at 100 V for 1 hour.
The agarose gel was stained in an ethidium bromide bath (15 minutes) before visualisation
by UV on a Gel Doc XR system (Bio-Rad, Hercules, CA, USA).

2.2.1.1.3.

Validation of Rad21 knockdown

As the rad21ATG-MO prevented translation of mRNA, protein lysates were prepared
from injected embryos and analysed by Western blotting to determine the degree of Rad21
knockdown (see 2.2.5).

2.2.1.2.

Preparation of embryos by dechorionation

Zebrafish embryos are protected by an outer chorion up until 48 h.p.f., at which point the
embryo breaks free of the chorion. As I used zebrafish embryos younger than 48 h.p.f.,
chorions were removed manually prior to being used in experiments.
performed enzymatically, using pronase, or mechanically, using forceps.

This can be
Except for

rad21nz171 homozygote mutant embryos (and wild type embryos used in the same
experiment as rad21nz171 homozygote mutants), which I dechorionated using forceps, all
embryos were dechorionated in batches using pronase.
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Pronase dechorionation was performed in a small petri dish. When dechorionating 2.5
h.p.f. and 4.5 h.p.f. embryos, the petri dish was layered with 1% agarose (w/v) to avoid the
dechorionated embryos sticking to the dish. Embryos were collected in a petri dish, 1x E3
was removed, and 1 mL of concentrated pronase (5 mg/mL made in 1x E3; Roche,
Mannheim, Germany) was added to embryos. Embryos were exposed to concentrated
pronase for 5 (2.5 h.p.f. and 4.5 h.p.f. embryos) to 10 minutes (24 h.p.f. embryos) under
constant agitation, until the first chorions began to crumple. At this point, 1x E3 was
added to dilute out the pronase, and the petri dish continued to be agitated until the
majority of embryos had broken free of their chorion. The pronase solution was then
discarded and the dechorionated embryos were washed three times with 1x E3.

2.2.1.3.

Deyolking of embryos

To avoid the interference of yolk cell proteins in protein analysis, embryos were deyolked
prior to preparing protein lysates. Embryos were deyolked by mechanically disrupting the
yolk cell as previously described (Link et al., 2006).

Dechorionated embryos were

transferred to a 1.5 mL eppendorf tube using a p200 pipette tip (the size of the tip opening
is approximately the size of the yolk sac so this helps disrupt the yolk sac). Excess 1x E3
was removed and 1 mL of deyolking buffer was added to the embryos. To deyolk the
embryos they were shaken for 5 minutes at 1100 rpm. Deyolked embryos were then
pelleted by centrifugation at 300 g for 30 seconds and the supernatant containing the
dissolved yolk cell was discarded.
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2.2.2.

Chromatin Immunoprecipitation

The principle of ChIP is outlined in Figure 2.1.
e
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Elution

Reverse Cross-Linking and
DNA Purification
Figure 2.1. Principle of Chromatin Immunoprecipitation (ChIP). Firstly, protein-DNA
interactions are cross-linked with formaldehyde, to ‘freeze’ dynamic processes at a time of interest.
Cross-linked chromatin is then isolated from the sample and fragmented by sonication. The lysate
Analysis ofare immunoprecipitated using a
is then cleared by sedimentation and protein-DNA complexes
Immunoprecipitated
DNA
specific antibody to the protein of interest. Agarose
or magnetic beads
that bind to the antibody
are then used to collect the antibody bound protein-DNA complexes. Immunoprecipitated
complexes are then washed under stringent conditions to remove any non-specifically bound
chromatin before being eluted off the beads. The protein-DNA cross-link is then reversed, proteins
are digested and the precipitated ChIP-enriched DNA is purified. This purified DNA is then
analysed to identify genomic loci that interact with the protein of interest.
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2.2.2.1.

ChIP protocol

Embryos were dechorionated and fixed in 1.85% formaldehyde for 10 (histone ChIP) or 15
minutes (Rad21 ChIP) at room temperature. To quench the formaldehyde, 2.5 M glycine
was added to give a final concentration of 0.125 M. Fixed embryos were then washed
three times in ice cold 1x PBS, snap frozen and stored at -80 °C until use. Fixed embryos
were homogenised in Lysis Buffer 1 and incubated for 30 minutes on ice. Nuclei were
collected by centrifugation at 13,000 rpm for 10 minutes at 4 °C and then resuspended in
Buffer 2 and incubated with rotation for 10 minutes at room temperature. Nuclei were
collected by centrifugation at 13,000 rpm for 10 minutes at 4 °C and then resuspended in
Buffer 3 and sonicated for 6 pulses of 10 seconds at 20% amplitude using the Sonics Vibra
cell VCX 500 ultrasonic processor (Sonics & Materials, Inc, Newtown, CT, USA) for
ChIP-qPCR experiments, or 24 pulses of 10 seconds at 25% amplitude using the Sonics
Vibra cell VCX 130 ultrasonic processor (Sonics & Materials, Inc) for ChIP-seq
experiments.

Following sonication, samples were centrifuged at 13,000 rpm for 12

minutes at 4 °C and the resulting soluble chromatin was adjusted to RIPA buffer by adding
an equal volume of 2x RIPA Buffer. Diluted chromatin was pre-cleared with Salmon
Sperm DNA/Protein A Agarose (Millipore, Billerica, MA, USA) for 30 minutes at 4 °C.
Agarose was pelleted by gentle centrifugation at 4,000 rpm for 2 minutes at 4 °C and 5%
of the pre-cleared chromatin was put aside as input sample, while the remaining chromatin
was divided into equal volumes and incubated overnight at 4 °C with specific antibodies.
For each ChIP experiment a no-antibody control was also performed. Antibody-bound
DNA-protein complexes were collected by incubating with Salmon Sperm DNA/Protein A
Agarose for 3 hours at 4 °C. Beads were collected by gentle centrifugation at 1,000 rpm
for 1 minute at 4 °C.

Beads were washed seven times with ice cold wash buffer,

incubating for 5 minutes on ice between centrifugations of 1,000 rpm for 1 minute at 4 °C.
Bound complexes were eluted from the beads by incubating in elution buffer at 65 °C for
15 minutes with occasional vortexing. Cross-links were reversed overnight at 65 °C and
purified with RNase A (Invitrogen, Carlsbad, CA, USA). Samples were proteinase K
(Invitrogen) digested and DNA was extracted using phenol:chloroform:isoamyl alcohol
precipitation. DNA was resuspended in 25 µL of UltraPure Distilled water (Invitrogen).
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ChIP-enriched DNA was then either analysed by quantitative PCR (qPCR) (see 2.2.3), to
determine sites of protein binding at genes of interest, or by high throughput sequencing
(ChIP-seq), to determine genome-wide protein binding sites. High throughput sequencing
was contracted to Beijing Genomics Institute (GuangDong, China).

2.2.3.

Quantitative PCR

Quantitative PCR was used to determine the amount of DNA in ChIP samples (ChIPqPCR), as a surrogate marker for the amount of protein binding at a genomic site, and to
quantitate the difference in cDNA levels (reverse transcriptase qPCR, RT-qPCR) between
wild type and Rad21 morphants to determine what effect Rad21 knockdown had on the
expression of genes bound by cohesin. cDNA was made from RNA extracted from
embryos (see 2.2.4)

2.2.3.1.
2.2.3.1.1.

Primer design
ChIP-qPCR primers

ChIP-qPCR experiments were carried out to identify Rad21 binding sites at genes of
interest, profile histone modifications at particular sites, and validate Rad21 binding at
sites identified in ChIP-seq analysis.

The purpose of the ChIP-qPCR experiment

influenced the approach taken to decide the sites where primers were designed. For
validation of ChIP-seq results, primers for ChIP-qPCR were designed within the peaks
identified by ChIP-seq analysis. However, when it came to identifying Rad21 binding
sites at genes of interest I had no prior knowledge where cohesin would bind. Therefore, I
had to predict sites where cohesin might bind and design primers to those regions as well
as sites not predicted to bind cohesin. To profile histone modifications, a series of primer
sets were designed to systematically cover a region of interest.
Based on mammalian data, which had revealed that in the majority of situations cohesin
co-localises with CTCF, I predicted that cohesin would also bind to CTCF binding sites in
zebrafish.

Unfortunately, in vivo CTCF binding sites were unknown in zebrafish.

However, the CTCF binding site database available at http://insulatordb.uthsc.edu/ had a
prediction tool that could be used to identify CTCF binding sites in silico, within
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sequences of interest. To identify in silico CTCF binding sites within genes of interest, I
uploaded sequence, corresponding to the gene and 10 kb either side, into the CTCF
binding site database. A list of predicted CTCF binding sites within that sequence was
generated based on the identification of core motifs representing CTCF binding site
sequences. Each predicted site has a score assigned to it corresponding to the log-odds of
the observed signal being generated by the motif versus being generated by the
background. While a large positive score suggests a good match, scores greater than three
are usually used as a cut-off for a suggestive match. I used predicted CTCF binding sites
with scores above 10 as predictors of cohesin binding sites.
Once

I

had

identified

sites

to

design

primers

to,

I

used

Primer3

(http://frodo.wi.mit.edu/primer3/) to design the primers. Primer design was constrained in
order to get primers that would give amplicons between 150-200 bp in size. While primers
with melting temperatures between 58-60 °C and GC content between 40-60% were
preferred, in some cases these constraints needed to be relaxed due to the nature of the
sequence at specific sites of interest. Suggested unique primer sequences were tested for
non-specific amplification using the UCSC Genome Browser in silico PCR tool available
at http://genome.ucsc.edu. All ChIP-qPCR primers are listed in Appendix II.

2.2.3.1.2.

Reverse transcriptase quantitative PCR primers

To investigate the functional significance of cohesin binding reverse transcriptase
quantitative PCR (RT-qPCR) was used to determine if the expression of cohesin target
genes was altered upon knockdown of Rad21. RT-qPCR primers were targeted to span an
intron-exon boundary to reduce the possibility of amplifying genomic DNA contaminants.
Primers were designed using the same parameters as ChIP-qPCR design except that the
product size was restricted to 80-120 bp. All RT-qPCR primers are listed in Appendix II.

2.2.3.2.

Primer validation

All qPCR primers were validated prior to being used.

To check primer efficiency,

standard curves were generated for all primers and all reactions were subjected to melt
curve analysis. Standard curves were established by performing qPCR on a 10-fold
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dilution series of sonicated chromatin (for ChIP-qPCR primers) or cDNA (for RT-qPCR
primers). Standard curves were generated using Sequence Detection 7300 Software (SDS)
version 1.4 (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA).
The slope of the line of best fit indicates the reaction efficiency. Given I used a 10-fold
dilution series, a slope of -3.32 would indicate the PCR reaction was 100% efficient (a
doubling of DNA with each cycle). Given 100% efficiency is unlikely, primers presenting
a slope between -3.2 and -3.9 and a R2>0.98 were determined to be efficient and specific.
An example of a standard curve is shown in Appendix III.
If standard curve analysis indicated primers were efficient, a single amplified product of
the expected size was confirmed by agarose gel electrophoresis (see 2.2.1.1.2), and the
remaining PCR product was purified using a QIAquick® PCR purification kit (Qiagen,
Venlo, Netherlands) and sent to Genetic Analysis Services (University of Otago) for their
full Sanger sequencing service. For this service, purified PCR products were sent in a
mixture containing 1 ng/100 bp of purified DNA, 3.2 pmol sequencing primer, and
UltraPure Distilled water up to 5 µL.

2.2.3.3.

General reaction conditions

qPCR was performed using an ABI 7300 Real-Time PCR system (Applied Biosystems).
qPCR reactions were performed in volumes of 20 µL. Reactions contained 1 µL 3 µM
Forward primer, 1 µL 3 µM Reverse primer, 7 µL UltraPure Distilled water, 10 µL
Platinum® SYBR® Green qPCR Super-Mix-UDG with ROX (Applied Biosystems) and 1
µL template DNA (For ChIP-qPCR samples 1 µL of resuspended ChIP DNA was used,
for RT-qPCR 1 µL of 5ng/µL cDNA was used). All reactions were performed in duplicate
and a no-template control was included for each primer set. The cycling programme
contained 1 cycle of 50 °C for 2 minutes, 1 cycle of 95 °C for 2 minutes, then 40 cycles of
95 °C for 15 seconds and 60 °C for 1 minute, followed by a dissociation stage. The
dissociation stage involved 1 cycle of 95 °C for 15 seconds, 60 °C for 30 seconds, and 95
°C for 15 seconds. Data was collected during the annealing step at each cycle and during
the dissociation stage at each temperature.
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2.2.3.4.

ChIP-qPCR data analysis

Data was extracted using SDS version 1.4 (Applied Biosystems). Melting curves were
collected and checked for primer dimer and non-specific product amplification. Threshold
cycle (Ct) values were then used to determine the relative amount of DNA in samples (a
surrogate marker for the amount of protein binding at that site) by manipulating the
standard curve line of best fit to x = (y – c)/m (see section 3.5 for further explanation). In
this equation x represents the unknown (log of the amount of DNA in the sample), y
represents the Ct value from qPCR analysis, c represents the slope of the standard curve
line of best fit, and m represents the y-intercept of the standard curve line of best fit. Once
x had been calculated it was converted from the log scale by raising it to base 10. The
converted x value for each ChIP sample was then used to calculate the
immunoprecipitation efficiency according to the equation

Immunoprecipitation efficiency =

x (antibody sample) – x (no-antibody sample)
------------------------------------------------------x (input sample)

The immunoprecipitation efficiency was then multiplied by 100 to give % Input. Data was
expressed as % Input or relative fold enrichment (% Input expressed relative to the %
Input at a site not predicted to bind cohesin) for Rad21 ChIP-qPCR experiments. For
histone ChIP-qPCR, when pan histone H3 enrichment was similar between wild type and
rad21nz171 homozygote mutant samples, the enrichment of histone modifications was
expressed as % Input at each site. Where there was a difference in the enrichment of pan
histone H3 between wild type and rad21nz171 samples the enrichment of histone
modifications was expressed as a ratio to the enrichment of pan histone H3 binding.

2.2.3.5.

RT-qPCR data analysis

Data was extracted using SDS version 1.4 (Applied Biosystems). Melting curves were
collected and checked for primer dimer and non-specific product amplification. Data was
imported into qbasePLUS software (Biogazelle, Belgium), which calculated delta Ct values
and relative quantification, correcting for PCR efficiency and normalising to multiple
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reference genes (β-actin, wnt5a). Previously in our laboratory, the expression of β-actin
and wnt5a varied minimally in response to knocking down the function of various genes in
zebrafish embryos, and therefore were deemed to be suitable reference genes (Horsfield et
al., 2007). The suitability of β-actin and wnt5a as reference genes for my experiments was
confirmed when I found their expression to vary minimally between uninjected and rad21
morphant embryos at the developmental stages investigated. While the accuracy of my
gene expression analysis may have been further enhanced by using more reference genes, I
was unable to find another suitable gene whose expression did not vary between
uninjected and rad21 morphant embryos.
2.2.4.
2.2.4.1.

RNA techniques
RNA isolation

Embryos were placed in 750 µL of TRIzol® (Invitrogen, Carlsbad, CA, USA) and frozen
at -20 °C until ready to proceed with RNA extraction. After thawing, the sample was
drawn up and down a syringe several times to homogenise embryos.

150 µL of

chloroform was added and the sample was vortexed until cloudy, after which it was
incubated at room temperature for 3 minutes. The sample was centrifuged at 13,000 rpm
for 5 minutes. The aqueous phase containing RNA was then further purified using a
RNeasy® Mini kit (Qiagen, Venlo, Netherlands) according to the manufacturers
instructions. RNA was eluted using UltraPure Distilled water and stored at -80 °C.

2.2.4.2.

cDNA synthesis

Total RNA was used to synthesise random-primed cDNA (SuperScriptIII, Invitrogen).
RNA concentration was measured using the NanoDrop 1000 Spectrophotometer
(Nanodrop Technologies, Inc., Wilmington, DE, USA) with the ratio of A260/A280 used
to judge the purity of the sample. Ideally, samples had ratios between 1.9-2.1. 500 ng of
total RNA was mixed with 1 µL 10 mM dNTP and 250 ng random primer and incubated at
65 °C for 5 minutes to denature RNA secondary structure before quickly chilling on ice to
let the primer anneal to the RNA. 4 µL 5x First-Strand buffer (250 mM Tris-HCl, 375
mM KCl, 15 mM MgCl2), 1 µL 0.1 M DTT, 1 µL SuperScript III reverse transcriptase
(Invitrogen), and 1 µL of RNase out was added to samples and the reverse transcription
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reaction was extended at 50 °C for 1 hour before incubating at 70 °C for 5 minutes to
inactivate the enzyme.

Finally 1 µL (2 units) of RNase H was added to remove

complementary RNA. cDNA was diluted (in UltraPure Distilled water) to 5 ng/µL prior to
use.

2.2.5.
2.2.5.1.

Protein methods
Protein extraction

Deyolked embryos were placed in 1x RIPA buffer containing Complete Mini EDTA-free
protease inhibitors (Roche, Mannheim, Germany) and incubated at 4 °C for 1 hour under
constant agitation. Embryo debri was pelleted by centrifugation at 13,000 rpm at 4 °C for
5 minutes. The supernatant, containing protein, was then stored at -20 °C until use.

2.2.5.2.

SDS-PAGE gel electrophoresis and Western blotting

Proteins were separated by polyacrylamide gel electrophoresis using a miniVE vertical
electrophoresis system (Hoefer® Inc., Holliston, MA, USA). An 8% running gel and a
5% stacking gel were assembled. A volume of 5x Reducing Sample buffer (to give 1x
concentration) was mixed with protein sample and denatured at 95 °C for 5 minutes. To
determine protein size and the electrophoresis speed, 10 µL Benchmark prestained ladder
(Bio-Rad, Hercules, CA, USA) was loaded on the gel along with samples.

Gel

electrophoresis was performed for 3-4 hours at 100 V in Tris-Glycine Protein
Electrophoresis Buffer. Proteins were transferred to a PVDF membrane (ThermoFisher
Scientific, Waltham, MA, USA) using a miniVE Blotter (Hoefer) at 15 V overnight in
Transfer buffer. The membrane was blocked for 1 hour in 2% non-fat milk powder in
PBS-T. The membrane was then incubated overnight at 4 °C in 2% non-fat milk powder
in PBS-T and the appropriate primary antibody. The following day the membrane was
washed 3 x 10 minutes in PBS-T, followed by incubation of an appropriate secondary
antibody at room temperature for 1 hour. The membrane was then washed 3 x 10 minutes
in PBS-T. Equal volumes of ECL Reagent A and ECL Reagent B were mixed together
and applied to the membrane for 1 minute. Kodak BioMax XAR Film (Radiographic
Supplies Ltd, Christchurch, New Zealand) was then exposed to the membrane and
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developed using the ECOMAX X-Ray Film Processor (PROTEC, Obersteinfeld,
Germany).
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3.

Establishment of Chromatin Immunoprecipitation (ChIP)
methods for use on whole zebrafish embryos

3.1.

Introduction

The ability to identify cohesin binding sites, and profile chromatin changes that occur in
response to binding, would enable the identification of genes potentially regulated by
cohesin and may suggest a potential mechanism of this regulation. The method of choice
to investigate such chromatin interactions in vivo is Chromatin Immunoprecipitation
(ChIP) in which chemical preservation of dynamic protein-DNA interactions at times of
interest enables protein binding and chromatin structure to be examined in different
functional states.
While ChIP was first reported in 1984 (Gilmour and Lis, 1984), the adaptation of ChIP
technology for use in whole zebrafish embryos has only occurred within the last 5-6 years.
The first study reported, which investigated the enrichment of modified histones on
specific promoters, provided a poof-of-concept that the ChIP technique was applicable to
zebrafish embryos (Havis et al., 2006). Not long after this, a second study was published
that utilised traditional ChIP-PCR approaches in zebrafish embryos to elucidate the role
for Brg1 in neurogenesis, neuronal crest induction and differentiation (Eroglu et al., 2006).
In the same year as reports of traditional ChIP-PCR assays using zebrafish embryos were
first being published, the first study employing ChIP-chip technology on zebrafish
embryos was reported (Wardle et al., 2006). Since then only a handful of ChIP-chip
studies, and only one ChIP-seq study, using whole zebrafish embryos have been reported.
ChIP methodology underpinned my research into cohesin dependent gene regulation.
Therefore the establishment of robust ChIP methods was essential in order to identify
genes potentially regulated by cohesin and give insight into possible mechanisms of
regulation.

45

3.2.

Aim

My first aim was to establish ChIP methods in our laboratory that would be suitable for
use on whole zebrafish embryos. Previous zebrafish ChIP protocols were used as a
starting point, however, several steps within the ChIP protocol required optimisation to
ensure the ChIP assay was performing optimally for the purposes of my studies.

3.3.

Outline

During this research I utilised two ChIP based methodologies.

ChIP coupled with

quantitative PCR (ChIP-qPCR) was used to analyse cohesin binding and the enrichment of
histone modifications at sites of interest, while ChIP coupled with high throughput
sequencing (ChIP-seq) was used to determine genome-wide cohesin binding in early
zebrafish embryos. This results chapter will firstly cover the optimisation of several steps
within the ChIP method, with some optimisation steps dependent on whether qPCR or
high throughput sequencing was used to analyse ChIP-enriched DNA. Secondly, the
protocol I established to analyse ChIP-enriched DNA by qPCR will be presented.

3.4.

The establishment of robust ChIP-based methodologies required the
optimisation of a number of factors within the ChIP protocol

I used the zebrafish ChIP protocol reported by Eroglu et al .(2006) as a base on which to
build a ChIP protocol suitable for use in our laboratory. Key steps in the ChIP protocol
that required optimisation included the number of embryos to use, preparation of the
embryos, preservation of protein-DNA interactions, fragmentation of chromatin, the
choice of antibody, and the appropriate use of controls.

3.4.1.

The number of embryos required for ChIP experiments depends on
the developmental stage of the embryo and the protein being
investigated

ChIP is a fairly inefficient process therefore a large amount of input chromatin is required
to immunoprecipitate sufficient quantities of DNA for subsequent analysis. One factor
likely to affect the amount of chromatin available for ChIP experiments is the
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developmental stage of the embryo, with older embryos having more cells and therefore
more chromatin. Depending on the purpose of the ChIP experiment, I used embryos at the
2.5 hours post fertilisation (h.p.f.), 4.5 h.p.f., and 24 h.p.f. stage. To roughly determine the
number of embryos I would require for ChIP experiments using each of these three stages,
I determined the amount of chromatin obtainable from each developmental stage. Batches
of embryos at 2.5 h.p.f., 4.5 h.p.f., and 24 h.p.f., were taken through the first part of the
ChIP protocol, including sonication, after which the concentration of solubilised sonicated
chromatin was measured using the NanoDrop 1000 Spectrophotometer. On average 50 ng,
87 ng, and 586 ng of chromatin could be isolated per embryo at each of these
developmental stages, respectively (Table 3.1). This information enabled me to predict
how many embryos I would require for future ChIP experiments in order to obtain enough
immunoprecipitated DNA for the purposes of the study. For example, to investigate
cohesin binding at particular loci using ChIP-qPCR I used an average of 2,596 2.5 h.p.f.
embryos, 2,005 4.5 h.p.f. embryos, and 805 24 h.p.f. embryos per experiment, which
generated an average of 1.40 ng, 1.55 ng, and 3.05 ng of immunoprecipitated DNA per
ChIP experiment, respectively (Table 3.1). This amount of immunoprecipitated DNA was
sufficient for the number of sites requiring investigation of cohesin binding at each time
point.
Table 3.1. Effect of developmental stage of embryo on amount of chromatin available
Developmental
Stage of Embryo

Average amount
of chromatin per
embryo

Average number
of embryos used
for each ChIP
experiment

Average amount
of DNA obtained
from a Rad21 IP*

Number of sites
that can be tested
by qPCR

2.5 h.p.f.

50 ng

2,596

1.40 ng

4

4.5 h.p.f.

87 ng

2,005

1.55 ng

4

24 h.p.f.

586 ng

805

3.05 ng

12

* Immunoprecipitation (IP)

The DNA-binding protein being investigated in ChIP experiments can influence how
much DNA is immunoprecipitated, determining the number of embryos required for ChIP
experiments. Generally, the more abundant a DNA-binding protein is on DNA, the more
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DNA will be immunoprecipitated in the ChIP experiment. Post-translationally modified
histone proteins are an example of abundant proteins bound to DNA, whereas the
abundance of DNA-bound cohesin in zebrafish is unknown. In order to determine the
abundance of DNA-bound cohesin, relative to post-translationally modified histone
proteins, I performed cohesin and histone modification ChIP-qPCR experiments using the
same number of 24 h.p.f. embryos. Following qPCR analysis a threshold cycle (Ct) value
is assigned to each sample, which represents the cycle number where the fluorescent signal
exceeds the background level, thus the Ct value is inversely proportional to the amount of
DNA in the sample.

Results from the qPCR analysis of immunoprecipitated DNA

revealed a greater abundance of post-translationally modified histone protein compared to
DNA-bound cohesin. However, based on these Ct values, the abundance of DNA-bound
cohesin was not that much less than post-translationally modified histone protein. These
results suggested that it was not necessary to use more 24 h.p.f. embryos for cohesin ChIPqPCR experiments than for histone modification ChIP-qPCR. It should be noted that
while the difference in protein abundance likely contributed to the difference in the
amount of immunoprecipitated DNA, variable immunoprecipitation efficiencies of the
different antibodies could have also contributed to the difference.

3.4.2.

Pronase treatment of embryos is suitable for large-scale
dechorionation of wild type embryos for ChIP experiments

Up until 2 days post fertilisation (d.p.f.) zebrafish embryos are contained within a
protective chorion.

All my ChIP experiments used embryos younger than 48 h.p.f.,

therefore manual methods were employed to dechorionate embryos prior to the fixation
step. Two approaches can be used to manually dechorionate embryos – mechanically
using forceps, or enzymatically using pronase.
Due to the large number of embryos required for ChIP experiments, pronase
dechorionation of large batches of embryos was preferred over the more laborious
mechanical method. However, pronase dechorionation of embryos had been reported to be
detrimental to the efficiency of ChIP in zebrafish (Lindeman et al., 2009), although
zebrafish ChIP protocols using pronase had been reported (Havis et al., 2006; Wardle et
al., 2006). To determine whether pronase affected the efficiency of ChIP experiments, I
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performed cohesin ChIP-qPCR in 24 h.p.f. embryos that had been dechorionated using
pronase or manually dechorionated with forceps. The amount of chromatin and antizebrafish Rad21 antibody (15 µg) going into each experiment was kept constant.
Subsequent qPCR analysis of immunoprecipitated material at selected genomic loci
revealed that, overall, immunoprecipitation efficiencies are similar between pronase- and
forcep-dechorionated embryos (Table 3.2). Infact, in some cases, the immunoprecipitation
efficiency was increased in pronase-dechorionated embryos.
Table 3.2. Method of dechorionation does not affect immunoprecipitation efficiencies in
ChIP experiments
Immunoprecipitation Efficiencies (% Input) at various genomic
sites*

Dechorionation Method

Site 1

Site 2

Site 3

Site 4

Site 5

Site 6

Site 7

Enzymatic (Pronase)

0.1

0.09

0.1

0.2

0.5

0.1

0.3

Mechanically (Forceps)

0.3

0.07

0.1

0.1

0.3

0.1

0.2

* Variation in % Input values across sites reflect differences in where Rad21 binds.

These results suggested that pronase dechorionation of embryos was not detrimental to the
efficiency of the ChIP experiment. Therefore, in the majority of cases, pronase was used
to dechorionate the large number of wild type embryos required for ChIP experiments.
However, pronasing protocols did vary subtly depending on the developmental stage of the
embryo (see 2.2.1.2), as I found younger embryos were more sensitive to pronase
treatment. Due to the fragility of rad21nz171 homozygote mutant embryos I chose to
manually dechorionate them using forceps rather than exposing them to the harsh pronase
treatment. To maintain consistency, wild type embryos used in parallel with rad21nz171
homozygote mutant embryos were also dechorionated using forceps, even though no
drastic difference in immunoprecipitation efficiency had been observed between pronaseand forcep-dechorionated embryos.
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3.4.3.

Formaldehyde fixation protocols varied depending on the protein
being investigated

Crucial to any ChIP assay is the preservation of protein-DNA interactions at a particular
time of interest. This usually involves fixing material by cross-linking protein to DNA.
Formaldehyde has become the most commonly used cross-linking agent for ChIP (Kim
and Ren, 2006) because the cross-links are fully reversible with mild heating (Solomon
and Varshavsky, 1985). This reversibility is essential post immunoprecipitation as DNA
needs to be purified, including removing all proteins before subsequent analysis can be
performed to determine sites of binding. For all my ChIP experiments I used formaldehyde
to preserve protein-DNA interactions.
While protein-DNA interactions need to be adequately preserved for ChIP assays, overfixation can be detrimental to the immunoprecipitation efficiency due to reduced antigen
availability or sensitivity of epitopes to formaldehyde (Orlando, 2000). While fixation
conditions need to be empirically determined within each laboratory, as a guideline, 10
minutes or less is sufficient to preserve histone protein-DNA interactions, whereas for
non-histone protein-DNA interactions, longer cross-linking times are required (Orlando,
2000). To optimise fixation conditions, whole zebrafish embryos were fixed in 1.85%
formaldehyde for either 10 or 15 minutes and then used in cohesin or histone modification
ChIP-qPCR experiments. Following qPCR analysis, immunoprecipitaton efficiencies of
the two samples were compared. For Rad21 ChIP experiments I found cross-linking with
formaldehyde for 15 minutes was optimal, whereas 10 minutes fixing was sufficient for
profiling histone modifications.
Having established the optimal fixation conditions depending on the protein being
investigated, these conditions were used throughout my ChIP experiments.

3.4.4.

Optimisation of sonication conditions resulted in the desired size range
of chromatin fragments for ChIP experiments

For ChIP experiments, I used sonication to fragment chromatin. Although micrococcal
nuclease can also be used to fragment chromatin, it is incompatible with formaldehye
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cross-linking as cross-linked chromatin is only inefficiently cleaved by nucleases (Johnson
and Bresnick, 2002).
Fragmentation of chromatin into small pieces is required to map protein-DNA interactions
or histone modifications at specific chromosomal sites with high resolution (Johnson and
Bresnick, 2002).

With decreasing fragment size there is less chance of co-

immunoprecipitating unbound regions of DNA present on the same fragment as the true
target DNA (Aparicio et al., 2005). For ChIP-qPCR, chromatin fragments ranging from 1
kb-100 bp in size, with the majority of fragments around 500 bp in size, are recommended
(Aparicio et al., 2005). In contrast, for ChIP-seq the optimal size range of chromatin is
between 300-150 bp, which provides high resolution of binding sites and good
compatibility with next generation sequencing platforms (Kidder et al., 2011).
Sonication conditions were optimised to ensure the ideal range of chromatin fragments for
both qPCR and high throughput sequencing methods of analysing ChIP-enriched DNA.
When optimising sonication conditions, the number of pulses used to fragment chromatin
was the main variable tested. Although this was the only variable deliberately changed,
mid-way through my Ph.D. a different model of ultrasonic processor became available in
the Department of Pathology, which prompted re-optimisation of sonication conditions.
All other sample variables that can affect sonication efficiency, including the amount of
material being sonicated, fixation conditions, composition of sample buffer, and volume of
sample, were kept constant.

To optimise sonication conditions, 350 µL volumes of resuspended nuclei were aliquotted
into several 1.5 mL eppendorf tubes with each tube being treated with a varying number of
10 second pulses. To determine the degree of fragmentation, DNA was purified and run
on an agarose gel.
Initially, sonication was performed using the Sonics Vibra cell VCX 500 ultrasonic
processor (Department of Biochemistry, University of Otago). Using this sonicator, 6
pulses of 10 seconds at 20% amplitude produced fragments ranging from 1100-100 bp in
size, with the majority of fragments around 400 bp (Figure 3.1A), which were ideal for
ChIP-qPCR experiments. Re-optimisation experiments performed as a result of switching
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to a Sonics Vibra cell VCX 130 ultrasonic processor (Department of Pathology, University
of Otago) revealed that more pulses were needed to obtain fragments suitable for qPCR
analysis, with 12 pulses of 10 seconds at 25% amplitude generating fragments ranging
from 1100-100 bp, with the majority around 300 bp (Figure 3.1B). The switch to the VCX
130 ultrasonic processor preceded ChIP-seq experiments and therefore the optimisation of
conditions to give fragments suitable for high throughput sequencing was only performed
on this sonicator. To get suitably sized fragments for ChIP-seq experiments, treating
samples with 24 pulses of 10 seconds at 25% amplitude produced fragments ranging from
500-100 bp with the majority around 200 bp (Figure 3.1B).
Once suitable sonication conditions had been established from optimisation experiments,
those conditions were used in all ChIP experiments. However, as a quality control to
ensure consistent fragmentation across ChIP experiments, for every ChIP experiment an
aliquot of sonicated chromatin was kept aside, purified and run on a gel to check the size
range of fragments.
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Figure 3.1. Sonication Optimisation. Optimisation experiments were carried out to determine the
conditions required to obtain appropriate sized chromatin fragments for downstream ChIP
applications. Agarose gels of purified DNA from optimisation experiments demonstrate the size
range of chromatin fragments obtained. Left panels show appropriately exposed gels to
demonstrate the size range of fragments (arrows) while right panels aim to show the size of the
majority of fragments (arrow heads) through overexposure of the gel. A, Initial experiments were
performed on the Sonics Vibra cell VCX 500 ultrasonic processor. Six pulses of 10 seconds at
20% amplitude (Condition B, *) gave a range of fragments between 1100-100 bp with the majority
of fragments around 400 bp. This sonication condition was subsequently used to sonicate
chromatin for ChIP-qPCR assays. B, Re-optimisation of conditions to give suitable sized
fragments for ChIP-qPCR was required when I switched to a Sonics Vibra cell VCX 130 ultrasonic
processor. 12 pulses of 10 seconds at 25% amplitude (Condition G, *) was found to give the ideal
sized fragments with fragments ranging between 1100-100 bp and the majority around 300 bp.
This sonicator was also used to sonicate chromatin for ChIP-seq experiments. For this application
24 10 second pulses at 25% amplitude (Condition J, ^) resulted in suitable sized fragments with
fragments ranging from 500-100 bp with the majority around 200 bp.
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3.4.5.

Quality antibodies are crucial for successful ChIP experiments

To investigate cohesin binding I used an antibody that recognised the Rad21 subunit of
cohesin. It is generally assumed that Smc1, Smc3, Rad21, and SA function together as the
cohesin complex to mediate effects on gene expression. Therefore using an antibody that
specifically detects binding sites of one of the cohesin subunits can be used to infer
binding sites of the cohesin complex. However, it should be noted that it could be possible
that the cohesin subunits function independently of each other to regulate gene expression.
This idea has arisen from the fact that mutations in either the NIPBL, SMC1A, SMC3 or
RAD21 subunits of cohesin result in varying severities of Cornelia de Lange Syndrome
(CdLS) or related cohesinopathies (Deardorff et al., 2007; Deardorff et al., 2012). Given
CdLS arises from the dysregulated expression of developmental genes as a result of loss of
cohesin function, varying clinical manifestations in CdLS patients suggests that the
function of each cohesin subunit may differ subtly with regard to the regulation of gene
expression.
To profile changes in chromatin structure I used a range of antibodies that recognised
different histone modifications including the acetylated, monomethylated, and
trimethylated forms of H3K9, and the trimethylated forms of both H3K4 and H3K27.
The antibody is one of the key factors in ChIP assays, as it is responsible for capturing
specific protein-DNA interactions and subsequently enriching for chromatin fragments
bound by the protein being investigated. Therefore the quality of the antibody can play a
huge part in the success of the ChIP experiment (Spencer et al., 2003). Not every antibody
can efficiently immunoprecipitate cross-linked protein-DNA complexes, likely due to in
vivo binding conformations of the protein making epitopes inaccessible to the antibody.
While conventional assays such as Western blotting may indicate the success of an
antibody in denaturing conditions, such assays will not be informative regarding whether
the antibody is suitable for ChIP experiments (Kim and Ren, 2006). Instead, identifying
suitable antibodies for ChIP assays usually requires testing many different antibodies in
actual ChIP assays to determine their specificity for the experiment (Kim and Ren, 2006).
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Commercial ChIP grade antibodies that recognise specific zebrafish protein are rare,
because of protein divergence through evolution. While antibodies raised against human
proteins harbouring the various histone modifications were fairly good at cross-reacting
with zebrafish, since histones are highly conserved, finding an appropriate antibody to
investigate Rad21 binding in zebrafish embryos was a major hurdle in establishing
working ChIP protocols in our laboratory.
At the time of starting my Ph.D. no commercial ChIP grade antibodies raised against
zebrafish Rad21 protein were available. However, there was a commercial anti-Rad21
ChIP grade antibody available (Abcam, ab992) that was raised against a synthetic peptide
representing a portion of exon 14 of the human RAD21 protein. This antibody had been
used in human ChIP studies and cross-reacted with Xenopus laevis Rad21 protein
(although not tested in ChIP assays). Furthermore based on sequence homology, this
antibody was predicted to react with mouse Rad21 protein. Although the exact peptide
sequence to which the antibody was raised was unavailable, exon 14 of human RAD21
appeared to be well conserved across species, including zebrafish (Figure 3.2).
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*****:** **.*
:..::.:** *:. * :*********************.:**

Homo sapiens
Mus musculus
Xenopus laevis
Danio rerio

TGAESISLLELCRNTNRKQAAAKFYSFLVLKKQQAIELTQEEPYSDIIATPGPRFHII
TGAESISLLELCRNTNRKQAAAKFYSFLVLKKQQAIELTQEEPYSDIIATPGPRFHII
TGAESISLLDLCRNTNRKQAAAKFYSFLVLKKQQAIELTQEEPYSDIIATPGPRFHIV
TGAQSIGLLELCRNNNKKQAAAKFYSFLVLKKQQAIDLTQTEPYSDIIAAPGPRFHIV
***:**.**:****.*:*******************:*** ********:*******:

573
577
571
585

631
635
629
643

Figure 3.2. Conservation of Exon 14 of Human RAD21 Protein. Comparison of the peptide
sequence corresponding to exon 14 of the human RAD21 protein (residues 569-631, highlighted
green) across species shows a high degree of conservation. ClustalW was used to align and
compare sequences. The key to alignment is as follows: an asterisk (*) indicates positions which
have a single, fully conserved residue; a colon (:) indicates conservation between groups of
strongly similar properties; a period (.) indicates conservation between groups of weakly similar
properties.

Given the target protein sequence of the ab992 antibody was conserved across species, and
that this antibody had already been used in ChIP experiments, I thought it would be a good
choice of antibody to immunoprecipitate Rad21 bound DNA in zebrafish. However, initial
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ChIP experiments using the ab992 Rad21 antibody proved unfruitful. In early attempts,
immunoprecipitated DNA was analysed by standard PCR with the resulting amplified
products run on agarose gels and stained with ethidium bromide. Following ethidium
bromide staining, the amount of DNA in the Rad21 immunoprecipitated sample was
similar to that in the control immunoprecipitated sample in which no antibody was used,
thus I was unable to discriminate true signal from noise.
To test the affinity of the ab992 Rad21 antibody to zebrafish Rad21 protein, Western
blotting was performed. While a successful Western blot would not necessarily indicate
this antibody was capable of successfully immunoprecipitating Rad21 bound DNA in
ChIP experiments, a negative Western blot would suggest an inability to cross-react across
species. Western blot analysis indeed showed the inability of this antibody to detect
denatured zebrafish Rad21 protein (Figure 3.3A) and therefore I did not persevere with this
antibody in subsequent ChIP experiments.
While an alternative commercially available Rad21 antibody (Abcam, ab42522) did
appear to cross-react with zebrafish Rad21 protein in Western blotting experiments (Figure
3.3B), subsequent ChIP experiments were inconclusive.
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Figure 3.3. Cross-reactivity of anti-human RAD21 antibodies to zebrafish Rad21 protein. A,
Failure of ab992 antibody to cross-react with zebrafish Rad21 protein. Protein lysates were
prepared from wild type (WT), sibling (sibs) and rad21nz171 homozygote mutant (mut) zebrafish
embryos at 24 h.p.f. Siblings, a mix of wild type and rad21nz171 heterozygote embryos resulting
from a rad21nz171 heterozygote incross, should have moderately reduced levels of Rad21 compared
to wild type embryos, whereas rad21nz171 homozygote mutants should have near complete loss of
Rad21 protein. As positive controls, protein lysates were also prepared from untreated MCF7 and
PC3 human cancer cell lines. The predicted site of the Rad21 protein is 72 kDa. However, a
larger molecular weight band, usually around 120-130 kDa, is also observed in Western blots
detecting the human Rad21 protein (ab992 product sheet from Abcam). The Rad21 immunoblot
shows a lack of cross-reactivity with zebrafish Rad21 protein, while the antibody detects the two
reported Rad21 bands in the human cell line positive control lysates. A tubulin immunoblot
confirms the presence of protein in the zebrafish lysates. B, An alternative anti-human RAD21
antibody (ab42522) does cross-react with zebrafish Rad21 protein. The Rad21 immunoblot shows
the presence of the two Rad21 bands in the wild type (WT) and sibling (sibs) zebrafish embryo
protein lysates.
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Following the lack of ChIP success using commercial antibodies raised against human
RAD21 protein an antibody was made to a synthetic peptide of the zebrafish Rad21
protein. GenScript (GenScript Corporation, United States of America) was contracted to
synthesise the antibody. In addition to carrying out the immunisation and purifying the
antibody, GenScript’s service included peptide design and synthesis. My involvement in
the process included deciding on the clonality of the antibody, and from a list of possible
Rad21 peptides generated by GenScript, deciding which one to raise the antibody to.
I decided to get a polyclonal antibody synthesised. While monoclonal antibodies recognise
a single epitope on an antigen, which diminishes background noise in ChIP studies, using a
monoclonal antibody may result in a lower signal if the epitope is masked by surrounding
chromatin components or has been affected by formaldehyde cross-linking (Kidder et al.,
2011). Therefore, although polyclonal antibodies recognise multiple epitopes, I decided to
get a polyclonal antibody synthesised as their use in ChIP experiments can boost the signal
in cases where certain epitopes are masked (Kidder et al., 2011).
From the complete zebrafish Rad21 protein sequence, GenScript produced a short list of
peptide sequences that had good predicted antigenicity scores and were therefore likely to
cause a good immune response when injected into rabbit. From this list, I decided to get a
polyclonal antibody made against the QTDQTEQTTLVPNE peptide, corresponding to
residues 288-301 of the zebrafish Rad21 protein. This peptide was chosen as it was away
from areas where commercial antibodies were designed and where the amino acid
sequence was not necessarily that well conserved between species. Upon arrival, this
antibody was validated by Western blotting (Figure 3.4) and was successful at
immunoprecipitating Rad21 bound DNA in zebrafish.
The synthesis of an antibody to the zebrafish Rad21 protein was the defining moment in
establishing Rad21 ChIP protocols, for use in zebrafish embryos, in our laboratory.
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Figure 3.4. Validation of the zebrafish-specific Rad21 antibody. Protein lysates were prepared
from 20 wild type (WT), sibling (sibs) and rad21nz171 homozygous mutant (muts) embryos at 27
h.p.f. A, Immunoblot showing Rad21 protein. B, α-tubulin loading control. The predicted size of
the zebrafish Rad21 protein is 72 kDa. The band pattern observed is similar to that detected with
commercial anti-human Rad21 antibodies that detect a higher molecular weight band, usually
around 120-130 kDa (ab992 product sheet from Abcam). Additional bands may reflect different
post-translational modifications of Rad21. While multiple bands are present in wild type embryo
protein preparation, they are not present in the rad21nz171 homozygote mutant embryo protein
preparation, suggesting that the antibody specifically detects zebrafish Rad21 protein. Although
there is less total protein in the mutant sample, the Rad21 protein is considerably more reduced in
rad21nz171 mutants than can be expected due to loading discrepancy alone. As expected, siblings,
comprising a mix of wild type and rad21nz171 heterozygote embryos, show intermediate levels of
Rad21 protein.

3.4.6.

Appropriate control of ChIP experiments enabled meaningful results
to be drawn

The appropriate use of controls in ChIP experiments enables accurate interpretation of
results. To control for the ChIP component of ChIP-qPCR experiments (qPCR controls
will be discussed below) I used an input control, a no-antibody negative
immunoprecipitation control, and a pan histone H3 (panH3) positive immunoprecipitation
control.

For ChIP-seq experiments only the input and no-antibody negative

immunoprecipitation controls were used.

3.4.6.1.

Input control

An input control sample is a representation of the chromatin going into the
immunoprecipitation step. An aliquot of chromatin put aside after sonication, but before
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the addition of antibody, was used as the input control. Apart from its obvious omission in
the immunoprecipitation reaction, the input sample was treated in the same way as
immunoprecipitated samples.
In

ChIP-qPCR

experiments

the

input

sample

was

used

to

determine

the

immunoprecipitation efficiency, % Input, at particular genomic loci, which was
subsequently used to determine sites of protein binding (discussed below).
In ChIP-seq experiments the input sample was useful to discriminate true Rad21 binding
from repetitive regions of the genome. Because of their over-representation in chromatin
samples, repetitive regions have an increased probability of being over-represented in the
immunoprecipitated sample regardless of if they are bound by the protein of interest or
not.

However, following high throughput sequencing of the input sample, repetitive

regions were detected as enrichment peaks. Subsequently the enrichment peaks in the
Rad21 immunoprecipitated samples were compared to enrichment peaks in the input
sample to determine if they represent true Rad21 binding sites or a repetitive region of the
genome.

3.4.6.2.

no-antibody control

A no-antibody control represents a mock immunoprecipitation (no antibody added) and is
used to determine the specificity of an observed signal (Aparicio et al., 2005). Parallel
immunoprecipitations of a given cross-linked sample were performed using the antibody
of interest and no antibody at all. The use of a no-antibody control enabled control of
unspecific binding of chromatin fragments to the beads used to precipitate the complex of
interest. While using an irrelevant antibody, rather than no antibody at all, results in a
more stringent assessment of specificity, the lack of ChIP grade antibodies in zebrafish
prevented this approach.
In ChIP-qPCR experiments, the no-antibody sample was incorporated into the equation to
calculate % Input (discussed below). I also sequenced no-antibody control samples in
ChIP-seq experiments and again, enrichment peaks in these samples were used to

60

determine if enrichment peaks present in the Rad21 immunoprecipitated sample were
likely to represent true Rad21 binding sites.

3.4.6.3.

Anti-pan histone H3 control

In ChIP-qPCR experiments parallel immunoprecipitations were performed using an
antibody that recognised histone H3, regardless of any modifications present (pan histone
H3; panH3).

The use of this control was two-fold.

Firstly, it acted as a positive

immunoprecipitation control. Given the difficulty in obtaining a quality antibody that
could detect zebrafish Rad21 in ChIP experiments, it was important to have a positive
immunoprecipitation control to determine if the immunoprecipitation step had been
successful. Given the anti-panH3 antibody cross-reacted with zebrafish histone H3, which
is likely to be present at every location tested, it adequately fulfilled the role of a positive
immunoprecipitation control. Secondly, as levels of histone H3 should be fairly consistent
genome-wide, panH3 immunoprecipitations served as another indicator of overrepresented genomic regions in chromatin samples.

3.5.

Establishment of a standard curve-based method to determine the
amount of protein binding at sites of interest

As mentioned earlier, my initial ChIP experiments were coupled with endpoint PCR with
products then being run on agarose gels to determine the amount of DNA in samples.
However, I found it difficult to discriminate the amount of DNA in samples
immunoprecipitated with specific antibodies compared to no-antibody control samples,
due to the saturation of PCR samples resulting from a set number of amplification cycles.
To avoid this problem I switched to analysing ChIP-enriched DNA with qPCR. In theory,
if a particular genomic region is bound by a specific protein then that region will be overrepresented in the ChIP-enriched DNA sample obtained by immunoprecipitation with an
antibody to that protein, compared to a region that is not bound. Thus the amount of DNA
at a particular genomic locus in an immunoprecipitated sample is a surrogate marker for
the amount of protein binding at that site.

Therefore I needed a way to accurately

determine the amount of DNA in ChIP-enriched DNA samples following qPCR analysis.
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In the process of validating qPCR primers a standard curve is established to ensure that the
amplification efficiency is consistent over different concentrations of DNA (Figure 3.5).
Given a standard curve had been generated for every set of primers designed to amplify
ChIP-enriched DNA, I established a method to determine the amount of DNA in amplified
ChIP-enriched DNA samples based on this standard curve.
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Figure 3.5. Establishment of standard curves for qPCR primers. Standard curves were
initially established to validate primers. To generate a standard curve, qPCR was performed on a
ten-fold dilution series of sonicated chromatin, the Ct values for each sample were graphed against
the log of the dilution of that sample, and a line of best fit was calculated. Ideally the line of best
fit should pass through all points, with a R2 value of 1 suggesting a perfect fit. The slope of the
line indicates the reaction efficiency. For a 10 fold dilution series, a slope of -3.32 would indicate
the primers worked 100% efficiently. Given 100% efficiency is unlikely, primers presenting a
slope between -3.2 and -3.9, and a R2>0.98 were used to amplify immunoprecipitated DNA from
ChIP experiments.
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The amount of DNA immunoprecipitated in each sample was calculated from the standard
curve by manipulating the equation of the line of best fit. The line of best fit is given by
the equation y = mx + c, where y represents the Ct value, m represents the slope of the line,
x represents the log of the amount of DNA (dilution rather than true value), and c
represents the y-intercept. The standard curve was used to determine the unknown amount
of DNA (x) in each ChIP sample by rearranging the equation to the form x = (y – c)/m. In
this case, y is determined by qPCR analysis of ChIP samples (Figure 3.6), while c and m
are already known from the establishment of the standard curve.

Once x had been

calculated it was converted from the log scale by raising it to base 10. Although this value
could have been multiplied by the DNA concentrations of the dilution series used to make
the standard curve to give the actual amount of DNA in the sample, I decided not to
because the values were all relative anyway.
The converted x value for each ChIP sample was then used to calculate the
immunoprecipitation efficiency according to the equation

Immunoprecipitation Efficiency =

x (antibody sample) – x (no-antibody sample)
------------------------------------------------------x (input sample)
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Figure 3.6. Ct values from qPCR analysis of ChIP material are used to determine the
amount of DNA in each sample. ChIP samples are analysed by qPCR. Graphs plotting
fluorescence signal (proportional to the amount of DNA in the sample) against cycle number are
used to determine the Ct value of each sample (cycle number where the fluorescent signal exceeds
background levels). These Ct values are subsequently used to determine the amount of material in
each sample using parameters generated from the standard curve generated for the primer set being
used to amplify the samples.

Immunoprecipitation efficiency data can be presented in several ways to describe protein
binding, and can be analysed in various ways to determine if binding at a particular site is
likely to be biologically significant. In all cases I expressed the immunoprecipitation
efficiency as % Input, which I calculated by multiplying the Immunoprecipitation
Efficiency by 100. When investigating Rad21 binding I used fold enrichment to display
results and determine the biologically significant binding. Fold enrichment was calculated
by expressing the % Input at sites of interest relative to a site where cohesin was predicted
not to bind. As histone modifications are distributed over broad genomic regions, rather
than localised at discrete sites, it was not appropriate to display results in terms of fold
enrichment.

Therefore % Input results were used to display the pattern of histone

modifications across a region.

64

3.6.

Conclusion

Given ChIP methodology underpinned my Ph.D. research it was necessary to optimise the
protocol to ensure it was performing optimally for the purposes of my experiments.
Having optimised the protocol I was ready to proceed with the experiments investigating
cohesin-dependent gene regulation.
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4.

4.1.

Cohesin directly regulates the expression of the zebrafish
c-Myc gene, myca, independently of CTCF
Background

c-Myc is one of several key transcription factors that function to maintain the pluripotent
state of a cell. In addition, and perhaps in relation, to this important role in development,
c-Myc expression is dysregulated in a number of cancers, and is often associated with
aggressive, poorly differentiated tumours. While many downstream targets of c-Myc are
known, factors that act to regulate c-Myc itself are less understood. Understanding how cMyc is regulated could provide further insight into pluripotency and cancer.
Previous results from our laboratory raised the intriguing possibility that cohesin regulates
the expression of c-Myc. This idea was proposed after microarray analysis revealed myca
(zebrafish c-Myc) expression was reduced 5.1-fold in zebrafish embryos harbouring a null
mutation in the rad21 gene (rad21nz171 mutant), compared to wild type embryos (Rhodes et
al., 2010). The requirement of Rad21 for myca expression was subsequently confirmed by
reverse-transcriptase qPCR, which also revealed that the Smc3 subunit of cohesin was
necessary for myca expression (Rhodes et al., 2010).

Further support for cohesin

regulating c-Myc expression came from existing microarray data that revealed the
dependence on cohesin for c-Myc expression was conserved in Drosophila, mouse and
human (Kawauchi et al., 2009; Liu et al., 2009; Schaaf et al., 2009). This conservation
across species suggests cohesin dependent c-Myc expression is biologically significant.
However, it is not known if cohesin directly regulates the expression of c-Myc, and if it
does, the mechanism by which it does so.
In human, cohesin colocalises with the CCCTC-binding factor (CTCF) at the Myc
Insulator Element (MINE) approximately 2 kb upstream of c-MYC (Stedman et al.,
2008b), with this site demarcating upstream repressive chromatin from a downstream
region of active chromatin that harbours the c-MYC gene (Gombert et al., 2003). Given
CTCF is well known as having chromatin barrier activity, and cohesin has been implicated
in establishing boundary elements that block the spread of silent chromatin (Rollins et al.,
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1999), it is plausible that cohesin and CTCF could co-operate together to maintain
chromatin barrier activity upstream of c-MYC. If so, this provides a potential mechanism
by which cohesin regulates c-MYC expression, as loss of cohesin would compromise
barrier function resulting in the spread of repressive chromatin into the region of active
chromatin harbouring the c-MYC gene, subsequently preventing its transcription.
Given the dependence on cohesin for c-Myc expression is evolutionarily conserved, it is
plausible that the mechanism by which cohesin regulates c-Myc is also conserved.
Therefore, using the zebrafish as a model, I investigated whether cohesin functioning as a
chromatin barrier upstream of c-Myc is the mechanism by which cohesin regulates c-Myc
expression.

4.2.

Hypothesis

That cohesin regulates myca expression by functioning as a chromatin barrier upstream of
myca. According to this hypothesis, the absence of cohesin would compromise chromatin
barrier function, resulting in the spread of repressive chromatin into the region of active
chromatin harbouring the myca gene, subsequently preventing its transcription (Figure 4.1).
This would explain the reduction in myca expression seen in rad21nz171 mutant embryos.
A
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myc
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Repressive Chromatin
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Figure 4.1. Proposed chromatin barrier model of how cohesin regulates myca expression. A.
According to this hypothesis, cohesin bound upstream of myca would function as a chromatin
barrier, separating upstream repressive chromatin from the downstream active chromatin region
harbouring the myca locus. B. In the absence of cohesin, chromatin barrier activity would be lost,
allowing repressive chromatin to move into the myca locus, subsequently preventing transcription
of myca.
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4.3.

Aim

To determine if cohesin directly regulates myca expression by functioning as a chromatin
barrier upstream of myca. To test this, a ChIP-qPCR approach was taken to first determine
if cohesin binds directly to myca, and second, to profile changes in chromatin structure at
the myca locus in the absence of cohesin.

4.4.
4.4.1.

Results
Cohesin bound the myca locus in vivo

While myca expression was reduced in rad21nz171 mutant embryos it was unclear if this
was a direct effect of cohesin loss or whether the altered expression was caused indirectly.
Binding of cohesin at the myca locus would support a direct role for cohesin in regulating
myca expression. To determine if cohesin bound the myca locus, ChIP-qPCR experiments
were performed in wild type embryos using an antibody directed to the zebrafish Rad21
protein.

4.4.1.1.

In silico approach revealed cohesin binding sites at the myca locus

A ChIP-qPCR approach was taken as I had a candidate gene I wanted to investigate for
cohesin binding. However, I had no prior knowledge of where cohesin would bind at the
myca locus, therefore I had to first predict cohesin binding sites. Based on cohesin
colocalising with CTCF genome-wide in mammalian cells, in silico CTCF binding sites
were used to predict cohesin binding sites at the myca locus. DNA sequence, spanning 20
kb upstream to 20 kb downstream of the myca gene, was uploaded into the CTCF binding
site database at http://insulatordb.uthsc.edu/ to identify consensus CTCF binding motifs.
Using a cut-off score of 10, five in silico CTCF binding sites were identified within this
sequence (Figure 4.2A). Three of these were positioned upstream of myca at distances 10.5
kb, 1.27 kb, and 0.76 kb from the transcriptional start site (TSS), while the other two were
positioned within the second intron of myca.
Data from mammalian studies provided support for using in silico approaches to predict
CTCF binding sites, and therefore cohesin binding sites, at the zebrafish myca locus.
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Three similarly positioned in silico CTCF binding sites were identified upstream of human
c-MYC, at distances 10.2 kb, 2.4 kb, and 1.9 kb from the P1 TSS (Figure 4.2A).
Importantly, CTCF binds in vivo at the sites 10.2 kb and 1.9 kb upstream of c-MYC (Figure
4.2A). Furthermore, cohesin has also been shown to bind in vivo at the CTCF binding site

1.9 kb upstream of c-MYC.
Interestingly, CTCF also binds in vivo at the P2 TSS of mammalian c-MYC (Gombert et
al., 2003) even though no consensus CTCF binding site motif had been identified at this
location. Furthermore, cohesin also bound at this location. Based on this, I predicted
cohesin would also bind at the TSS of zebrafish myca even though no in silico CTCF
binding site had been identified there.
4.4.1.2.

Primers designed to determine cohesin binding at the myca locus

A total of nine primer sets, spanning 10 kb upstream to 2 kb downstream of the TSS of
myca, were designed to amplify ChIP-enriched DNA to determine in vivo cohesin binding
sites (Figure 4.2B ).
Five of these primer sets were designed to amplify regions spanning, or adjacent to,
predicted cohesin binding sites. Individual primer sets were designed to span the predicted
sites 1.27 kb and 0.76 kb upstream of the TSS, and the TSS itself. Due to the closeness of
the two sites predicted within the second intron, a single primer set was designed that
spanned both sites. Sequence constraints made it difficult to design a primer set spanning
the predicted cohesin binding site 10.5 kb upstream of the TSS, instead a set was designed
to amplify adjacent sequence approximately 10 kb upstream of the TSS.
Four primer sets were also designed to amplify regions of DNA not predicted to bind
cohesin. Accordingly, primer sets were designed that amplified sites 8 kb and 3 kb
upstream of the TSS and within the second and third exons of myca.

Rad21 binding at

these sites would be used as a reference to determine if cohesin was actually enriched at
the predicted sites.
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4.4.1.3.

Cohesin bound predicted sites in vivo

Rad21 ChIP-qPCR was performed on 24 h.p.f. wild type embryos with ChIP-enriched
DNA being analysed by qPCR using the primers above. Following qPCR analysis, Rad21
binding at each site was expressed relative to that 8kb upstream at site M, where cohesin
was not predicted to bind, to give relative fold enrichment. Results from four independent
Rad21-qPCR experiments were combined to give an average fold enrichment of Rad21
binding across the myca locus.
Compared to site M, significant enrichment of Rad21 binding was observed at the
predicted cohesin binding sites 1.27 kb upstream of the TSS (primer P, average relative
fold enrichment (± SEM) = 8.97 ± 1.92), and at the TSS itself (primer T, average relative
fold enrichment = 4.43 ± 0.51) (Figure 4.2C). Rad21 binding was also slightly enriched at
site L, just adjacent to the predicted cohesin binding site 10.5 kb upstream of the TSS
(primer L, average relative fold enrichment = 3.22 ± 0.66). However, there was also a
slight enrichment of pan histone H3 (panH3), used to control for repetitive genomic
regions, at this site compared to other positions throughout the myca locus. Therefore it
remains to be determined whether the enrichment of Rad21 at this site is biologically
significant or represents a repetitive region of the genome. Rad21 binding at the predicted
cohesin binding sites 0.76 kb upstream (primer R, average relative fold enrichment = 2.11
± 0.11) and within the second intron of myca (primer V, relative fold enrichment = 2.66 ±
0.26) was not significantly enriched compared to site M. Therefore in zebrafish, as in
human cells, cohesin binds to two specific binding sites in myca that are also predicted to
recruit CTCF.
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Figure 4.2. Rad21 binding at zebrafish myca locus. A, Schematic of human c-MYC and
zebrafish myca genes comparing relative positions of predicted CTCF binding sites from the
transcriptional start site. Black solid boxes indicate translated regions, yellow bars indicate
predicted CTCF binding sites and right-angled arrows indicate the TSS and P2 (bold arrow). In
vivo binding of CTCF is denoted by an asterisk. B, Schematic of the zebrafish myca gene
indicating the location of primer sets (red bars) used for amplification of immunoprecipitated DNA
following ChIP. C, anti-Rad21 ChIP in wild type zebrafish embryos at 24 h.p.f. Binding at each
site was determined relative to primer M (where no Rad21 binding was predicted) to give fold
enrichment. Anti-pan histone H3 (panH3) ChIP was used as a control. Results shown are the
averages of four independent ChIP experiments for Rad21 and two independent ChIP experiments
for panH3 ±s.e.m. Biologically significant Rad21 binding was observed at the predicted sites 10.5
kb and 1.27 kb upstream of the TSS, and at the TSS itself.
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4.4.2.

Binding of cohesin at myca was independent of CTCF

My Rad21 ChIP-qPCR results revealed that cohesin localised to predicted CTCF binding
sites at the myca locus. Given mammalian studies had shown that CTCF was needed to
recruit cohesin to DNA (Rubio et al., 2008) I postulated that CTCF was required to recruit
cohesin to the myca locus, which implies that CTCF would also play a functional role in
the regulation of myca expression.

However, expression studies performed in our

laboratory revealed that knocking down CTCF in zebrafish embryos had no statistically
significant effect on myca expression (Rhodes et al., 2010).

Therefore I sought to

determine if CTCF was indeed required to recruit cohesin to the myca locus. To test this,
CTCF was knocked down in zebrafish embryos, using antisense morpholino
oligonucleotides, and Rad21 ChIP-qPCR was performed to determine if cohesin was still
able to bind to the sites identified above.

4.4.2.1.

Knocking down CTCF function using antisense morpholino
oligonucleotides

Non-splicing of ctcf transcripts is predicted to lead to a truncated, non-functional CTCF
protein. Therefore, an antisense morpholino oligonucleotide, targeting the 3´ donor of
exon 2 in both known splice variants of ctcf (ctcfSplx2-MO), was injected into zebrafish
embryos at the 1-cell stage to create CTCF knockdown ‘morphant’ embryos.

To

determine the ideal amount of ctcfSplx2-MO to inject, to get the greatest knockdown of
CTCF function without compromising the viability of embryos, a titration experiment was
performed where embryos were injected with 0.5 pmol, 0.75 pmol, or 1 pmol of
morpholino. Based on phenotypic analysis and the survival rates at 24 h.p.f., 0.75 pmol
was found to be the optimal amount of ctcf-Splx2-MO to use. Following injection with
0.75 pmol of ctcfSplx2-MO embryos showed developmental delay with head and posterior
defects (Figure 4.3A), with the vast majority of embryos (98/116, 85%) surviving to 24
h.p.f. (Figure 4.3B), the stage when experiments were to be performed. To determine the
effectiveness of the ctcfSplx2-MO, reverse transcriptase PCR (RT-PCR) was performed to
confirm aberrant splicing of ctcf transcripts. Primers (F and R1) were designed either side
of intron 2 (Figure 4.3C) so that the degree of intron 2 splicing could be monitored by the
size of RT-PCR products. Electrophoretograms of RT-PCR products using these primers
confirmed the abolishment of intron 2 splicing of ctcf transcripts in surviving 24 h.p.f.
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embryos treated with ctcfSplx2-MO (Figure 4.3D). Injection of 0.75 pmol of morpholino
resulted in a majority of unspliced transcripts.

While the higher 1 pmol dose of

morpholino resulted in no spliced isoforms, the high death rate associated with this
concentration precluded the use of this dose for experiments.
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Figure 4.3. A splice site morpholino, targeting ctcf, was used to knockdown CTCF function
in zebrafish embryos. 0.75 pmol of morpholino, targeting the 3´ donor of exon 2 of ctcf
(ctcfSplx2-MO), was found to be the optimal amount to inject into embryos to knockdown CTCF
function. A, compared to uninjected (wild type) embryos at 24 h.p.f., embryos injected with 0.75
pmol ctcfSplx2-MO were characterised by developmental delay with head and posterior defects.
B, The majority of embryos injected with 0.75 pmol of ctcfSplx2-MO survived to 24 h.p.f.,
compared to those embryos injected with the greater 1 pmol dose of morpholino. C, Schematic of
a portion of the zebrafish ctcf gene indicating where the ctcfSplx2-MO was targeted to, and the
position of the forward (F) and reverse (R1) primers used in reverse transcriptase PCR (RT-PCR)
to confirm blocking of splicing by ctcfSplx2-MO. D, Electrophoretograms show RT-PCR
products generated from cDNA from uninjected embryos and embryos injected with ctcfSplx2
morpholino. Genomic DNA is used as a reference. Intron 2 splicing is significantly disrupted in
embryos injected with 0.75 pmol ctcfSplx2-MO, compared with uninjected controls (left panel).
While intron 2 splicing is abolished in surviving 24 h.p.f. embryos treated with 1 pmol ctcfSplx2MO (right panel), this dose elicits a 70 % mortality, with survivors severely disrupted/delayed.
This high mortality and developmental delay precludes the use of these embryos in experiments.
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To confirm that the ctcfSplx2-MO specifically targets ctcf, a second morpholino was used
to determine if the phenotype resulting from the injection of ctcfSplx2-MO was due to offtarget effects. The second morpholino (ctcfATG-MO) targeted the ATG translational start
site of ctcf (Figure 4.3C). When embryos were injected with 1 pmol of the ctcfATG-MO, a
similar phenotype was observed to those embryos injected with the ctcfSplx2-MO.
Furthermore, when co-injected, the two morpholinos synergised to produce a more severe
phenotype (Figure 4.4).

The similar phenotype observed following injection of the

ctcfATG-MO, and the two morpholinos synergising together, confirmed the ctcfSplx2-MO
specifically targets ctcf. Subsequently embryos were injected with 0.75 pmol ctcfSplx2MO to knock down CTCF function to determine if CTCF is required to recruit cohesin to
the myca locus.
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Figure 4.4. The ctcfSplx2 and ctcfATG morpholinos synergise to produce a more severe
phenotype. A second morpholino, targeting the ATG start codon of ctcf (ctcfATG-MO), was used
to confirm the effects seen in embryos injected with the ctcfSplx2-MO were specific. Suboptimal
doses (0.5 pmol) of the ctcfATG-MO (A) and the ctcfSplx2-MO (B) were injected into embryos,
resulting in a mild morphological phenotype (left panels) and modest changes in the transcription
levels of aqp1 and mdm2 (right panels), two genes whose expression was found to be altered upon
depletion of CTCF. In combination (C), the two morpholinos caused severe developmental delay
(left panel) and a dramatic downregulation of aqp1 and upregulation of mdm2 (right panel). In all
cases myca expression was unchanged. Graphs represent gene expression in injected embryos
(grey bars) relative to uninjected embryos (black bars).

4.4.2.2.

Rad21 binds to the myca locus when CTCF is depleted

Rad21 ChIP-qPCR was performed in 24 h.p.f. wild type and CTCF morphant embryos to
determine if cohesin still bound to the myca locus following depletion of CTCF. ChIPenriched DNA was amplified using primers spanning the cohesin binding sites 1.27 kb
upstream (primer set P) and at the TSS of myca (primer set T), and at the negative binding
site 8 kb upstream of myca (primer set M) (Figure 4.2B). Results from five independent
Rad21 ChIP-qPCR experiments were combined with the average Rad21 enrichment
(expressed as % Input) at the sites examined shown in Figure 4.5. Although enrichment is
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expressed as % Input, biologically significant enrichment of Rad21 binding at sites P and
T was reproduced in wild type embryos, with % Input values corresponding to relative
fold enrichments of 8.5 at site P and 3.8 at site T. Unexpectedly, my results showed that
Rad21 still bound these sites, to at least the same extent, in CTCF morphants.

No

statistically significant difference in Rad21 enrichment was observed between wild type
and CTCF morphants at the TSS of myca, with the % Input in CTCF morphants
corresponding to a relative fold enrichment of 4.7 (p-value = 0.18).

Surprisingly a

statistically significant increase in Rad21 enrichment was observed in CTCF morphants at
the cohesin binding site 1.27 kb upstream of myca, with the % Input corresponding to a
relative fold enrichment of 11.1 in the morphants (p-value = 0.01).
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Figure 4.5. Cohesin remains bound at the myca locus following depletion of CTCF. AntiRad21 ChIP-qPCR was performed in wild type and CTCF morphant embryos at 24 h.p.f.
Enrichment of binding is expressed as % Input. % Input corresponds to a fold enrichment (relative
to M) of 8.5 for wild type and 11.1 for CTCF morphants at (P), and 3.8 for wild type and 4.7 for
CTCF morphants at (T), reproducing data from Figure 4.2. There is a statistically significant
increase in Rad21 enrichment in CTCF morphants at the 1.27 kb upstream binding site (primer P)
compared to wild type embryos (p=0.01), but no statistically significant difference in Rad21
enrichment at the transcriptional start site (primer T) between CTCF morphants and wild type
embryos (p=0.18). Results shown are the average of 5 independent ChIP experiments for Rad21,
and 3 independent Chip experiments for panH3, ±s.e.m. Aberrant splicing of ctcf in the morphants
was confirmed for each ChIP experiment.
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4.4.3.

Cohesin does not regulate myca transcription by functioning as a
chromatin barrier that prevents spreading of repressive chromatin
marks

Having identified a conserved cohesin binding site upstream of zebrafish myca I sought to
determine if this site coincided with a chromatin barrier, similar to that at the mammalian
c-MYC locus. Furthermore I investigated whether cohesin contributed to the function of
the chromatin barrier.

To do this I performed ChIP-qPCR to profile the chromatin

structure from 10 kb upstream to 2 kb downstream of myca, in both wild type and
rad21nz171 mutant embryos, using antibodies that detected histone modifications associated
with both active (H3K9Ac, H3K4me3) and repressive (H3K9me3, H3K27me3) chromatin.

4.4.3.1.

While the chromatin boundary is conserved in zebrafish, its location
is not

To determine if a chromatin boundary existed upstream of zebrafish myca, ChIP-qPCR
was performed in wild type embryos at 27 h.p.f. to profile the repressive (H3K9me3) and
active (H3K9Ac) chromatin marks across the myca locus. (Figure 4.6B-D). A sharp, greater
than 2-fold enrichment of H3K9me3 was observed 10 kb upstream of myca (% Input =
2.25%) compared to 8kb upstream of the TSS (% Input = 0.74%). Apart from this spike of
enrichment 10 kb upstream of myca the levels of trimethylated H3K9 remained fairly
consistent throughout the myca locus. Conversely, enrichment of the active H3K9Ac mark
began to gradually increase from 3 kb upstream of the TSS (Figure 4.6B). In human, the
chromatin boundary, coincident with both cohesin and CTCF binding, is situated at the
Myc Insulator Element (MINE) approximately 2 kb upstream of the TSS of c-MYC.
While the increase in acetylated H3K9 occurs at a similar location upstream of zebrafish
myca, this site does not seem to coincide with a predicted CTCF binding site or Rad21
binding in vivo. However, there is a predicted CTCF binding site (conserved in human)
10.53 kb upstream of zebrafish myca and an enrichment of Rad21 binding was observed
nearby, 10kb upstream of myca (primer set L, Figure 4.2C). The increased levels of
trimethylated H3K9 at this site raises the possibility that a chromatin boundary exists at
this location in zebrafish. Furthermore, the enrichment of panH3 at this site may suggest
chromatin is condensed in this area, further supporting the presence of a potential
chromatin boundary.
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4.4.3.2.

Cohesin does not contribute to a functional chromatin barrier
upstream of myca

According to the chromatin barrier hypothesis, loss of cohesin is predicted to result in
repressive chromatin upstream of the barrier spreading into the myca locus. However, I
found no difference in the amount of repressive histone mark H3K9me3 between wild type
and rad21nz171 mutant embryos downstream of the presumed chromatin barrier 10 kb
upstream of myca (Figure 4.6C). Although relative levels of the active histone mark
H3K9Ac were decreased in the rad21nz171 mutants, these changes were most pronounced at
the TSS rather than downstream of the presumed chromatin barrier (Figure 4.6B). Overall,
the wild type myca locus contains a greater proportion of acetylated to methylated H3K9
than rad21nz171 mutants (Figure 4.6D). However this appears to be due to loss of active
acetylated H3K9 in the rad21nz171 mutants, rather than an increase in the repressive
H3K9me3 mark that you would expect if cohesin contributed to a functional chromatin
barrier upstream of myca.

4.4.3.3.

Specific changes in histone modifications, associated with
transcriptional repression, are present at the TSS of myca in
response to loss of cohesin

Due to cohesin’s involvement in Trithorax (TrxG) and Polycomb (PcG) group activity the
levels of H3K4me3 and H327me3, which reflect the activity of these complexes
respectively, were also profiled from 10 kb upstream to 2 kb downstream of myca (Figure
4.6E-G).

The active H3K4me3 mark was enriched at the TSS of myca in wild type

embryos, consistent with expression of myca (Figure 4.6E).

However, there was no

difference in the enrichment levels of H3K4me3 in the rad21nz171 mutants, even though
myca expression is reduced in the absence of cohesin.

Conversely the repressive

trimethylated H3K27 mark was increased in rad21nz171 mutants compared to wild type
embryos (Figure 4.6F).

This difference was confined to the TSS of myca and just

downstream of the TSS.

Subsequently, the H3K4me3 to H3K27me3 ratio was

substantially decreased in rad21nz171 mutants (Figure 4.6G), indicative of transcriptional
repression.
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Figure 4.6. Enrichment of histone modifications at the zebrafish myca locus in wild type and
rad21nz171 mutants. A, myca gene schematic showing the location of predicted CTCF binding sites
(yellow bars) and position of primer sets for qPCR of immunoprecipitated DNA following ChIP
(red bars). ChIP was performed on 27 h.p.f. wild type and rad21nz171 mutant embryos using antiH3K9Ac and -H3K9me3 antibodies. B, C, Enrichment of H3K9Ac (B) and H3K9me3 across the
myca locus expressed as % Input. Results shown are the averages of two separate ChIP
experiments ±s.e.m. D, Loss of H3K9Ac contributes to the lower ratio of active to repressive
histone marks through the myca locus in rad21nz171 mutants. E, F, ChIP was performed on 27 h.p.f.
wild type and rad21nz171 mutant embryos using anti-H3K4me3, -H3K27me3 and -panH3
antibodies. To account for the difference in panH3 enrichment between wild type and rad21nz171
mutant embryos in this particular experiment, graphs show the ratio of either H3K4me3 (E) or
H3K27me3 (F) enrichment relative to panH3 enrichment. H3K27me3 is markedly increased at the
TSS of myca in rad21nz171 mutants compared to wild type. G, dividing H3K4me3 enrichment by
H3K27me3 enrichment shows that rad21nz171 mutants have a lower ratio of active to repressive
histone marks at the myca TSS.
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4.4.3.4.

H3K27me3 enrichment at the myca TSS in wild type embryos is
gene specific

From my investigation of the distribution of H3K27me3 it appeared that the whole myca
locus was enriched in this repressive mark in the wild type embryos, with enrichment
levels greatest over the myca gene itself (Figure 4.6F). This finding was peculiar since
myca is highly expressed in wild type embryos. To determine if the increased enrichment
in H3K27me3 at the TSS is specific for the myca gene, or is a common feature of genes
regulated by cohesin, I determined the enrichment of H3K27me3 at the TSS of two other
cohesin responsive genes, mdm2, and p53. Expression of mdm2 and p53 is significantly
upregulated in rad21nz171 homozygote mutant zebrafish embryos, and furthermore, cohesin
binds to the TSS of both mdm2 and p53 (Figure 4.7), providing support for cohesin directly
regulating the expression of these two genes (Rhodes et al., 2010).
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Figure 4.7. Rad21 binding at zebrafish mdm2 and p53 genes. A, C, Schematics of the zebrafish
mdm2 (A) and p53 (C) genes showing the locations of predicted CTCF binding sites (yellow bars)
and primers (red bars) used to amplify immunoprecipitated DNA following ChIP. B, D, Rad21
ChIP at mdm2 (B) and p53 (D) in wild type zebrafish embryos at 24 h.p.f. Rad21 binds to a single
predicted CTCF binding site immediately adjacent to the TSS of both mdm2 and p53. Results
shown are the averages of two independent ChIP experiments for Rad21 ±s.e.m whilst one ChIP
experiment is shown for panH3.
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However, at both mdm2 and p53 loci, the enrichment of H3K27me3 at the TSS and
selected downstream site were comparable (Figure 4.8), indicating that increased
enrichment of H3K27me3 at the TSS is specific for myca. Furthermore, the levels of
H3K27me3 seen at both the mdm2 and p53 loci were less than that seen throughout the
whole myca locus, suggesting that the repressive PRC2 protein complex specifically
targets the myca locus.

Figure 4.8. Comparative enrichment of H3K27me3 at myca, mdm2 and p53 genes. A high
level of enrichment of H3K27me3 is evident throughout the myca locus. To investigate whether
other genes directly regulated by cohesin also show enrichment of this histone mark, chromatin
immunoprecipitation (ChIP) was performed on wild type zebrafish embryos at 30 h.p.f. using
antibodies to H3K27me3 and anti-pan histone H3. A, Gene schematics of myca, mdm2 and p53
showing the position of selected primers (red horizontal bars) used to amplify the
immunoprecipitated DNA. B, Enrichment of H3K27me3 and panH3 across myca, mdm2 and p53
is expressed as % Input. Enrichment of H3K27me3 is increased at 3 kb upstream of myca, and at
the myca transcription start site relative to mdm2 and p53. Results are the average of two separate
ChIP experiments with error bars representing standard error of the mean.
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4.5.

Conclusion

These studies have shown that cohesin binding is conserved at the Drosophila (Misulovin
et al., 2008), zebrafish, and mammalian c-Myc loci. The conservation of binding sites
suggests cohesin has an important functional role that contributes directly to the regulation
of c-Myc expression. Using the zebrafish as a model, I have shown that cohesin does not
function as a chromatin barrier upstream of myca to prevent the spreading of repressive
chromatin marks into the myca locus. This suggests that this is not the mechanism by
which cohesin regulates c-Myc expression. Instead, in the absence of cohesin, specific
changes in chromatin structure, consistent with transcriptional repression, are localised to
the TSS of myca. This suggests that cohesin may function specifically at the TSS to
regulate c-Myc expression.
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5.

5.1.

Is cohesin-dependent gene regulation linked to
pluripotency?
Introduction

Cohesin has recently been implicated in regulating the expression of core transcription
factors that are crucial for maintaining the pluripotent state of embryonic stem cells. In
mouse embryonic stem cells, cohesin, in combination with the Mediator complex, was
found to positively regulate the expression of Pou5f1 (encoding Oct4) and Nanog by
mediating enhancer-promoter communication (Kagey et al., 2010). Furthermore, in the
previous chapter I described that cohesin positively regulates the expression of myca
(zebrafish c-Myc) and how this regulation is evolutionarily conserved, although the
mechanism of regulation is still unknown. These results suggest that cohesin may be a
master transcriptional facilitator of pluripotency, regulating the expression of genes that
function to maintain the pluripotent state. Furthermore, given these core transcription
factors also influence cell cycle dynamics, which in turn can lead to cellular
differentiation, it is tempting to speculate that cohesin, through its role of regulating gene
expression, could function as a molecular switch that governs embryonic stem cell fate.
To begin to understand the extent of cohesin’s role as a master transcriptional facilitator of
the pluripotent state, it is necessary to identify the genes directly regulated by cohesin
during pluripotency. While this could be investigated in mammalian embryonic stem
cells, the disadvantage of these cells is that they are no longer in their natural environment,
and therefore any observations could reflect the culturing environment. On the other hand,
zebrafish develop externally to the mother, enabling easy access to whole zebrafish
embryos at the pluripotency stage of development. Therefore the zebrafish offers the
unique advantage of being able to investigate cohesin’s role as a master transcriptional
facilitator of pluripotency, in vivo.
Following fertilisation, the zebrafish zygote undergoes a series of rapid cell divisions.
Approximately 3 hours post fertilisation (h.p.f). these rapid cell divisions cease and the cell
cycle lengthens. At this time cells of the embryo are pluripotent, and largely identical. In
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contrast to mammalian species, in zebrafish the period of pluripotency coincides with
activation of the zygotic genome, which replaces maternal governance of the embryo.
This is also known as the maternal-zygotic transition (MZT). Therefore, an additional
advantage of using zebrafish is that, by taking embryos pre-MZT and post-MZT, you can
observe which genes are regulated over the pluripotency period, and which of these are
regulated by cohesin.
Using the zebrafish, I have begun to investigate cohesin's role as a master transcriptional
facilitator of the pluripotent state by identifying genes potentially regulated by cohesin
during pluripotency.

5.2.

Aim of this study

To obtain a genome-wide differential cohesin binding profile in zebrafish embryos before
and after the MZT, to identify genes bound, and therefore potentially regulated, by cohesin
during pluripotency. This involved performing Rad21 ChIP-seq experiments in pre-MZT
(2.5 h.p.f.) and post-MZT (4.5 h.p.f.) embryos to identify sites of cohesin binding, and
subsequently identifying the genes associated with this binding.

5.3.

5.3.1.

Results

Global cohesin binding sites were identified in pre-MZT and postMZT embryos using ChIP-seq technology

Determining the extent of cohesin's role as a master transcriptional facilitator during
pluripotency requires identifying all genes regulated by cohesin during pluripotency. If
cohesin directly regulates the expression of a gene it is likely that cohesin will bind within
the regulatory regions of that gene. Based on this reasoning I performed Rad21 ChIP-seq
experiments in zebrafish embryos, pre-MZT and post-MZT, to ultimately identify genes
bound, and therefore potentially regulated, by cohesin during pluripotency. In addition to
Rad21 immunoprecipitated samples being sequenced at each time point, input and noantibody immunoprecipitated control samples were also sequenced at each time point to
ensure genuine Rad21 binding sites were identified.

For ChIP-seq experiments I
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performed the ChIP assays while library preparation and subsequent sequencing of
libraries was contracted to Beijing Genomics Institute (BGI).

5.3.1.1.

Multiple ChIP experiments were performed to meet sample
requirements for construction of sequencing libraries

Initially I hoped to sequence two biological replicates of each sample to control for
variability in the experiment.

However the large number of embryos and ChIP

experiments required for this made it impractical. Therefore, in the end, just one library
was sequenced per sample.
Ten nanograms of ChIP-enriched DNA was required to guarantee successful construction
of a library for high throughput sequencing. To obtain this amount of ChIP-enriched DNA
I used a total of 15,338 2.5 h.p.f. and 10,871 4.5 h.p.f. embryos. In order to handle this
many

embryos,

six

independent

ChIP

experiments

were

performed

with

immunoprecipitated DNA from each ChIP assay then being pooled.
For each ChIP experiment, an average of 2,556 2.5 h.p.f. and 1,811 4.5 h.p.f. embryos
were used, and two Rad21 and two no-antibody immunoprecipitations were performed.
The amount of DNA immunoprecipitated in each ChIP experiment was measured using
the Qubit® fluorometer (Table 5.1). Across the common samples, the combined amount of
DNA from all six ChIP experiments exceeded the 10 ng required for library construction
(Table 5.1). On the off-chance that BGI could prepare two libraries from this amount of
DNA I pooled samples into two biological replicates; samples from ChIP experiments 1, 4,
and 5 were pooled, while those samples from ChIP experiments 2, 3, and 6 were pooled.
If BGI were unable to use these sub-optimal amounts of DNA to construct a sequencing
library then the two biological replicates could be pooled and a single library constructed.
Concentrations of pooled samples, determined by the Qubit® fluorometer, were similar to
that expected based on amounts of DNA obtained from the individual ChIP experiments
(Table 5.2 and Table 5.3).
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Table 5.1. Amount of immunoprecipitated DNA obtained from individual ChIP experiments

Sample

Total
amount of
DNA

ChIP Experiment

1

2

3

4

5

6

2.5 h.p.f Rad21 IP

2.217 ng

3.141 ng

2.610 ng

4.220 ng

1.108 ng

1.365 ng

14.661 ng

2.5 h.p.f no
antibody IP

2.044 ng

3.186 ng

2.574 ng

3.130 ng

1.052 ng

0.991 ng

12.977 ng

4.5 h.p.f Rad21 IP

2.449 ng

1.701*ng

2.790 ng

3.753 ng

2.082 ng

1.143 ng

13.918 ng

4.5 h.p.f no
antibody IP

1.520*ng

3.168 ng

1.170*ng

3.636 ng

0.590*ng

0.933 ng

11.017 ng

* DNA from one immunoprecipitation replicate within one ChIP experiment was excluded.

Table 5.2. Pooling of ChIP experiments 1, 4, and 5 for Biological Replicate 1

Sample

Expected
amount of DNA
when samples
pooled.

Expected
concentration after
pooling samples.

2.5 h.p.f Input

Actual
concentration after
pooling samples
(Dunedin).

Actual
concentration after
pooling samples
(BGI).

52.150 ng/µL

53.70 ng/µL

2.5 h.p.f Rad21
IP

7.545 ng

0.340 ng/µL

0.374 ng/µL

0.189 ng/µL

2.5 h.p.f no
antibody IP

6.226 ng

0.283 ng/µL

0.325 ng/µL

0.143 ng/µL

78.050 ng/µL

79.90 ng/µL

4.5 h.p.f Input
4.5 h.p.f Rad21
IP

8.284 ng

0.376 ng//µL

0.388 ng/µL

0.204 ng/µL

4.5 h.p.f no
antibody IP

5.746*ng

0.260 ng/µL

0.287 ng/µL

0.126 ng/µL

* DNA from one immunoprecipitation replicate within one ChIP experiment was excluded.
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Table 5.3. Pooling of ChIP experiments 2, 3, and 6 for Biological Replicate 2

Sample

Expected
amount of
DNA when
samples
pooled.

Expected
concentration after
pooling samples.

2.5 h.p.f Input

Actual
concentration after
pooling samples
(Dunedin).

Actual
concentration after
pooling samples
(BGI).

41.20 ng/µL

47.566 ng/µL

2.5 h.p.f Rad21 IP

7.116 ng

0.325 ng/µL

0.317 ng/µL

0.133 ng/µL

2.5 h.p.f no
antibody IP

6.751 ng

0.306 ng/µL

0.316 ng/µL

0.140 ng/µL

76.70 ng/µL

84.16 ng/µL

4.5 h.p.f Input

4.5 h.p.f Rad21 IP

5.634*ng

0.256 ng/µL

0.238 ng/µL

0.146 ng/µL

4.5 h.p.f no
antibody IP

5.271*ng

0.239 ng/µL

0.316 ng/µL

0.208 ng/µL

* DNA from one immunoprecipitation replicate within one ChIP experiment was excluded.

As part of quality control checks carried out at BGI, the concentration of my samples was
found to be approximately half of what I had measured (Table 5.2 and Table 5.3). As a
result the two biological replicates for each sample were pooled. According to BGI
values, even after pooling the amounts of DNA were still sub-optimal (< 10 ng) for library
construction. Based on these amounts there was an 80% chance of a sequencing library
being constructed successfully. However I took the risk to go ahead with library
construction, which paid off as all six libraries were constructed successfully1.

5.3.1.2.

Rad21 binding sites were identified from ChIP-seq data

The six libraries were sequenced on an Illumina HiSeq 2000 high throughput sequencer1.
A total of 20-35 million 50 bp single end reads were generated for each library (Table 5.4).
Following filtering of raw reads to remove adaptor sequences, contamination, and low
quality reads, clean reads were aligned to the latest version of the zebrafish genome, Zv91.
Unique mapped rates, which reflect the percentage of clean reads that align uniquely to the
1

Performed by BGI (BGI-Hong Kong)
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zebrafish genome, ranged from 12.31% to 55.90% with 4.5 h.p.f. samples having better
rates than the 2.5 h.p.f. samples (Table 5.4). Furthermore, within each timepoint, input
samples had the greatest mapping rate, followed by the Rad21 immunoprecipitation
sample, and then the no-antibody immunoprecipitation sample (Table 5.4).
Table 5.4. Number of sequencing reads generated for each sample and the alignment of
reads to Zv9.

Total Reads

Clean Data
(rate)

Mapped Reads
(rate)

Unique
mapped reads
(rate)

Input

35,543,819

35,229,600
(99.12%)

11,247,597
(31.93%)

8,375,756
(23.77%)

Rad21 IP

20,628,680

19,822,614
(96.09%)

4,092,518
(20.65%)

2,848,821
(14.37%)

No antibody IP

30,953,939

29,797,840
(96.27%)

5,280,320
(17.72%)

3,667,751
(12.31%)

Input

30,675,354

30,490,566
(99.40%)

22,992,703
(75.41%)

17,044,039
(55.90%)

Rad21 IP

30,109,646

28,738,643
(95.45%)

17,831,229
(62.05%)

12,948,441
(45.06%)

No antibody IP

30,131,281

29,304,233
(97.26%)

11,353,936
(38.75%)

8,146,299
(27.80%)

Sample

2.5 h.p.f.

4.5 h.p.f.

Unique mapped rates for the 2.5 h.p.f. samples were very low (12.31%, 14.37%, and
23.77%). It was suggested that these values may increase if the reads were trimmed back
and realigned. If there is a certain base position within the read where the probability of
the wrong base being called during sequencing increases dramatically then alignment of
the full length reads would result in low mapping rates due to the large number of
mismatches. Trimming back the read to the base position where the probability of error
increases should reduce the number of mismatches, resulting in better alignment of the
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reads to the reference genome. However, error plots2 for my 2.5 h.p.f. samples, graphing
probability of base call error against position within the read, showed no specific base
position of the read where the probability of error rose dramatically (Figure 5.1). Therefore
there was no reason to believe that trimming back the 2.5 h.p.f. sample reads and
realigning would increase the mapping rates for these samples.
Furthermore, there were no obvious differences in the error plots between the 2.5 h.p.f.
and 4.5 h.p.f. samples (Figure 5.1). Because the mapping rate for the 4.5 h.p.f. samples was
fairly good, it suggests there is another, still unknown, reason for the low mapping rate in
the 2.5 h.p.f. samples.
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Figure 5.1. Base calling error plots of sequencing reads. Base calling error plots were
generated to determine if there was a particular position within the sequencing read where the
probability of the wrong base being called during sequencing rose dramatically. The position
along the read is plotted on the x axis, while the probability is plotted on the y axis.

2

Generated by Dr. Mik Black (University of Otago, Dunedin, New Zealand)
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Subsequently, aligned data from all six samples was put through a Model-based Analysis
of ChIP-sequencing (MACS) programme (Zhang et al., 2008c) to identify enrichment
peaks 3.
These enrichment peaks were then used to determine Rad21 binding sites at each time
point (Figure 5.2). Initially, enrichment peaks in the Rad21 immunoprecipitated samples
were compared to enrichment peaks in the no-antibody immunoprecipitated and input
control samples.

Increased enrichment in the Rad21 immunoprecipitated sample

compared to individual controls was suggestive of sites of Rad21 binding. To reduce the
number of false positive Rad21 binding sites, stringent Rad21 binding sites were
identified. These represented sites where enrichment in the Rad21 immunoprecipitated
sample exceeded that in both the no-antibody immunoprecipitated and input control
samples. A total of 563 and 4064 stringent Rad21 binding peaks were identified at 2.5
h.p.f. and 4.5 h.p.f., respectively. These stringent Rad21 binding sites were subsequently
analysed to identify the genes associated with Rad21 binding.

Peak Calling 1
Rad21 IP vs Input

Peak Calling 2

Stringent Peaks Rad21 IP vs no antibody IP

Figure 5.2. Schematic demonstrating the process of identifying stringent Rad21 binding
sites. Enrichment peaks in the Rad21 immunoprecipitated sample are compared to those in either
the Input or no-antibody immunoprecipitated samples. Enrichment peaks in the Rad21
immunoprecipitated sample that exceed those in both controls get labelled as ‘stringent’ Rad21
binding sites.

3

Performed by Dr. Vibhor Kumar (Genome Institute of Singapore, Singapore)
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5.3.2.

Annotation of genes associated with Rad21 binding

Having identified sites where Rad21 bound in both 2.5 h.p.f. and 4.5 h.p.f. embryos it was
necessary to determine the genes associated with binding, as genes differentially bound by
cohesin between these two time points represent genes potentially regulated by cohesin
during pluripotency.
Given the large number of stringent Rad21 binding sites identified, computational
annotation of associated genes was preferred. However, before I embarked on this I
manually annotated the top stringent Rad21 binding sites. This manual annotation enabled
me to get a feel for the data and was used to judge the accuracy of computational methods.

5.3.2.1.

Manual annotation of associated genes

Manual annotation involved confirming a stringent call was justified based on the
enrichment peaks in control samples, and identifying the nearest gene to that binding site.
In addition, the location of the binding site, in terms of distance and direction, in relation
to the transcriptional start site (TSS) of the nearest gene was determined. I felt that the
location of the binding site was important as it would help further down the track in
narrowing down the list of genes likely to be directly regulated by cohesin.
As I worked through the highest scoring stringent Rad21 binding sites at 2.5 h.p.f. it
became increasingly difficult to justify a stringent call. As a result I could only annotate a
handful of genes associated with Rad21 binding at 2.5 h.p.f. The inability to justify
stringent Rad21 binding sites at 2.5 h.p.f., together with the low unique mapping rate of
these samples made me question the quality of 2.5 h.p.f. data. Therefore from this point
on I focussed on analysing Rad21 binding at 4.5 h.p.f. as this data seemed to be of better
quality.
Manual annotation of stringent Rad21 binding sites at 4.5 h.p.f. was more successful, with
stringency calls at this time point being justified. As a result I manually annotated the top
160 4.5 h.p.f. stringent Rad21 binding sites (Appendix IV).
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5.3.2.2.

Computational annotation of associated genes

Following the manual annotation of a selection of genes associated with Rad21 binding I
ran my 4.5 h.p.f. stringent Rad21 binding sites through the existing Genomic Regions
Enrichment of Annotations Tool (GREAT) (McLean et al., 2010), available as a web
application at http://great.stanford.edu/public/html/index.php. To identify genes associated
with binding, GREAT assigns a regulatory domain to every gene and if the binding site
overlaps a gene’s regulatory domain then binding is deemed to be associated with that
gene. While there are three methods to assigning regulatory domains, I used GREAT’s
default ‘basal plus extension’ approach (Figure 5.3).

Using this method a regulatory

domain consisting of a basal domain, that extends 5 kb upstream to 1 kb downstream of
the gene’s TSS, and an extension up to the basal regulatory domain of the nearest upstream
and downstream genes within 1 Mb, is assigned. Based on a basal domain being defined
as part of the regulatory region, I felt this method of assigning a regulatory domain was the
better option compared to the other two methods, which did not assign a basal domain as
part of the regulatory domain. This is because in cases where Rad21 binding was likely to
be functionally significant, due to it binding in the promoter region of a gene, then only the
gene likely to be affected by the binding would be associated with the binding site.

Basal
Regulatory
Domain Extension of Basal Domain
Gene 1

Gene 2
Extension of Basal Domain

Basal
Regulatory
Domain

Figure 5.3. GREAT’s ‘basal plus extension’ approach for assigning regulatory domains to
genes. Using this approach GREAT assigns a regulatory domain to each gene which consists of a
basal regulatory domain that extends 5 kb upstream to 1 kb downstream of the gene’s TSS, and an
extension up to the basal regulatory domain of the nearest upstream and downstream genes within
1 Mb. If a binding site is located within the basal regulatory domain of a gene then only that gene
will be called as being associated with that binding site. If a binding site is located between two
genes, in the extended domain of both genes, then both genes will be called as being associated
with the binding site.
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Compared to my list of manually annotated genes, GREAT identified the same associated
gene 81% (130/160) of the time. GREAT was used to generate a complete list of genes
associated with Rad21 binding at 4.5 h.p.f. However, due to the 19% chance of incorrectly
identifying a gene, caution was taken when viewing this gene list, with binding of Rad21
to genes of interest being confirmed by viewing tracks of enrichment peaks in the UCSC
genome browser.

5.3.3.

Genes associated with Rad21 binding at 4.5 h.p.f.

At the onset of this experiment the aim was to identify genes differentially bound by
cohesin pre-MZT and post-MZT, as these genes represent those potentially regulated by
cohesin during pluripotency. Identifying the function of these genes would provide insight
into the extent of cohesin's role as a master transcriptional facilitator during pluripotency.
Unfortunately, data from ChIP-seq analysis of the 2.5 h.p.f. samples was of poor quality,
therefore I found it difficult to interpret. Lack of this data means a differential cohesin
binding profile cannot be obtained. However, identifying the function of those genes
bound at 4.5 h.p.f. could still provide insight into the extent of cohesin’s transcriptional
facilitator role during pluripotency.

5.3.3.1.

Distribution of Rad21 binding sites

Overall patterns of Rad21 binding in relation to genes may provide insight into how
cohesin is involved in regulating gene expression. As such, the list of genes associated
with Rad21 binding generated by GREAT was analysed to determine the distribution of
Rad21 binding.
The majority of Rad21 binding sites at 4.5 h.p.f. were associated with at least one gene
(Figure 5.4A). Of the 4064 stringent Rad21 binding sites at 4.5 h.p.f., 2859 (70%) were
associated with two genes while 1135 (27.9%), 12 (0.29%), 2 (0.049%), and 1 (0.024%)
were associated with 1, 3, 4, and 5 genes, respectively. However, 55 (1.35%) Rad21
binding sites were not associated with any genes. Based on the ‘basal plus extension’
approach, this represents situations where Rad21 binding occurs greater than 1 Mb away
from a gene.
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Figure 5.4. Distribution of Rad21 binding sites. Using GREAT’s ‘basal plus extension’
approach, genes associated with Rad21 binding sites at 4.5 h.p.f. were identified. A total of 6902
genes were identified as being associated with Rad21 binding sites. A, In the majority of cases
either one or two genes are associated with each Rad21 binding site. B, Rad21 appears to
preferentially bind within 10 kb of the TSS of genes (upstream denoted with a ‘-‘). Genes where
Rad21 binding occurred between 100 kb and 1 Mb from the TSS were grouped together in the > 100 or > 100 kb category, and therefore the peak in this category reflects coverage of a greater
genomic distance (compared to the 10 kb distances) rather than a preference of Rad21 to bind
greater than 100 kb either side of TSS.
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Taking into account all of the associated genes (total of 6902), Rad21 binds in either
direction, and over a wide range of distances, from the TSS of genes. However, it appears
that Rad21 preferentially binds close to the TSS with a peak of binding occurring within
10 kb either side of the TSS (Figure 5.4B.) This is consistent with data from Drosophila
and mammalian cells where cohesion preferentially binds to the TSS of genes (Misulovin
et al., 2008; Wendt et al., 2008).

5.3.3.2.

Rad21 binds to genes involved in regulating chromatin structure

It is clear that chromatin structure can influence gene expression. Furthermore, chromatin
regulators play an important role in maintaining the chromatin state during pluripotency.
Interestingly, manual annotation of the top stringent Rad21 binding sites at 4.5 h.p.f.
revealed Rad21 binding was associated with a number of genes encoding proteins that
alter chromatin structure. These included genes encoding polycomb group (PcG) proteins
(bmi1, pcgf5a, and epc2), histone-modifying enzymes (setd1ba and suds3), and histone
variants (h3f3a). Of these, Rad21 binding occurred within 5 kb of the TSS of bmi1 (119
bp downstream), epc2 (284 bp downstream), setd1ba (538 bp upstream), h3f3a (1.2 kb
upstream), and suds3 (1.6 kb upstream), suggesting cohesin may directly regulate the
expression of these genes.
Further support for cohesin playing an important role in regulating genes involved in
altering chromatin structure came from Gene Ontology analysis of all the genes associated
with Rad21 binding at 4.5 h.p.f. This analysis, performed in GREAT, revealed that the
‘Biological Process’ categories of nucleosome assembly, chromatin assembly, nucleosome
organisation, protein-DNA complex assembly, and protein-DNA complex subunit
organisation were the top eight categories significantly associated with Rad21 binding
(Table 5.5). Genes within each of these categories are shown in Appendix V and include
genes encoding histone variants (h2afx, h2afy2, and h3f3a) and histone modifying
enzymes (myst3). Analysis of the orientation and distance of Rad21 binding to genes in
the top ‘nucleosome assembly’ category showed that, in the majority of cases, Rad21
binding occurs within 10 kb either side of the TSS of the associated genes (Figure 5.5).
79% of Rad21 binding that occurs within 10 kb of the TSS of “nucleosome assembly”
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genes occurs upstream. Within this category, little Rad21 binding occurs more than 10 kb
downstream of the TSS with Rad21 only binding greater than 10 kb downstream of a TSS
on two occasions. Rad21 binding more than 10 kb upstream of the TSS is more frequent
with Rad21 binding occurring greater than 10 kb upstream on 11 occasions. This pattern
of binding is similar for the other top ‘Biological Process’ Gene Ontology categories due
to the high overlap of genes between categories.
Binding of cohesin within the regulatory regions of genes that alter chromatin structure is
intriguing as it provides support for cohesin being a master regulator of the pluripotent
state, by regulating the expression of genes that in turn influence transcription by altering
chromatin structure.
Consistent with the ‘Biological Process’ Gene Ontology analysis, the three categories of
nucleosome, protein-DNA complex, and chromatin were the only categories within the
Gene Ontology domain of ‘Cellular Component’ found to be significantly associated with
Rad21 binding at 4.5 h.p.f. No categories within the Gene Ontology domain of ‘Molecular
Function’ were found to be significantly associated with Rad21 binding at 4.5 h.p.f.
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Table 5.5. ‘Biological Process’ Gene Ontology categories significantly associated with Rad21
binding

‘Biological Process’ Gene Ontology Category^

Binomial False Discovery Rate (FDR)
q-value*

Nucleosome Assembly

1.8e-10

Chromatin Assembly

1.8e-10

Nucleosome Organisation

1.8e-10

Protein-DNA complex assembly

1.8e-10

Protein-DNA complex subunit organisation

1.8e-10

DNA packaging

7.5e-9

DNA conformation change

1.3e-8

Chromatin assembly or disassembly

6.1e-8

Negative regulation of cell migration

2.1e-2

Negative regulation of locomotion

2.1e-2

Negative regulation of cellular component
movement

2.1e-2

Negative regulation of cell motility

2.1e-2

^ All categories found to be significantly associated with Rad21 binding are shown here, in the order of their
significance.
* The FDR is a statistical method used to correct for multiple comparisons. The q-value is the FDR
analogue of the p-value.
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Figure 5.5. Distribution of Rad21 binding in relation to associated genes in the ‘nucleosome
assembly’ Gene Ontology category. Graph shows the distance of the Rad21 binding site relative
to the TSS of its associated gene.

5.3.3.3.

Binding of Rad21 to key stem cell genes

A core group of transcription factors are responsible for maintaining the pluripotent state.
My ChIP-seq analysis revealed that Rad21 binds within 10 kb upstream (presumed
functional regulatory region) of the TSS of the genes that encode these core transcription
factors. Rad21 bound 7.2 kb upstream of nanog, 2.8 kb upstream of sox2, and 65 bp, 2 kb,
and 9.4 kb upstream of pou5f1, which encodes the Oct4 transcription factor. Binding of
Rad21 within the regulatory regions of these genes suggests that cohesin may also regulate
these genes in zebrafish, further supporting its role as a master transcriptional facilitator
during pluripotency. c-Myc is another core transcription factor important for regulating
the pluripotent state. Interestingly, although cohesin directly regulates expression of myca
(zebrafish c-Myc) at 24 h.p.f., Rad21 did not bind myca at 4.5 h.p.f. However, ChIP-seq
analysis showed binding of Rad21 377 bp downstream of the TSS of max, which encodes
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the dimerisation partner of myca.

Surveying several stages of zebrafish embryonic

development is required to reveal the dynamics of cohesin binding at the myca locus

5.3.3.4.

Rad21 binds to genes encoding cohesin-interacting partners

In order for cohesin to regulate expression of genes it is required to interact with the DNA.
However, cohesin appears to lack DNA binding domains. Therefore it interacts with other
DNA-binding proteins to access DNA. Another interesting finding from the Rad21 ChIPseq analysis was that Rad21 binds within the regulatory regions of genes encoding proteins
that cohesin interacts with on DNA. For example Rad21 binds 261 bp downstream of the
TSS of nipblb, which encodes nipped-B-like, a protein that loads cohesin onto DNA.
Furthermore, Rad21 binds just 20 bp downstream of the TSS of ctcf. Cohesin and CTCF
co-localise throughout the mammalian genome and there are several examples of them
functioning together to regulate gene expression by mediating long-range enhancerpromoter communication.
These findings suggest that an autoregulatory loop may exist with cohesin regulating the
expression of genes that encode proteins that it requires in order to bind DNA and
therefore influence gene expression.

5.3.4.

Validation of Rad21 binding

While analysis of ChIP-seq data yielded some interesting results it should be remembered
that a lot of computational analysis was involved in identifying genes bound by cohesin.
Therefore it is important to validate ChIP-seq data before concluding too much from the
results. To this end I performed Rad21 ChIP-qPCR at selected loci, pou5f1 (Figure 5.6),
sox2 (Figure 5.7), bmi1 (Figure 5.8), and ctcf (Figure 5.9), to validate ChIP-seq data. Two
biological Rad21 ChIP replicates were performed for each locus. qPCR primers were
designed to the region identified by ChIP-seq as well as an adjacent region which was not
identified

in

the

ChIP-seq

analysis

(negative),

and

were

used

to

amplify

immunoprecipitated material. The % Input at the ChIP-seq binding site was compared to
the negative site to give fold enrichment. While I tried to have negative sites within the
same gene as where Rad21 binding was being confirmed, for pou5f1 and sox2 the negative
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sites chosen also appeared to be enriched for Rad21 binding (see UCSC tracks in Figure 5.6
and Figure 5.7). Therefore, the bmi1 negative site was used to obtain fold enrichment
values for pou5f1 and sox2.
Rad21 binding at all four loci was confirmed by ChIP-qPCR, providing confidence that the
other genes identified as being associated with Rad21 in the ChIP-seq analysis are true
targets of cohesin.
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Figure 5.6. Validation of Rad21 binding at the pou5f1 gene in 4.5 h.p.f. zebrafish embryos.
A, Enrichment tracks of sequenced samples displayed in the UCSC genome browser. Stringent
Rad21 binding sites identified in ChIP-seq analysis are highlighted in green. B, Schematic of the
pou5f1 gene showing the position of primers (red bars) used to amplify ChIP-enriched DNA. C,
When compared to a negative site at the bmi1 locus, enrichment of Rad21 binding at the pou5f1
sites identified in ChIP-seq analysis were confirmed by ChIP-qPCR.
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Figure 5.7. Validation of Rad21 binding at the sox2 gene in 4.5 h.p.f. zebrafish embryos. A,
Enrichment tracks of sequenced samples displayed in the UCSC genome browser. The stringent
Rad21 binding site identified in ChIP-seq analysis is highlighted in green. B, Schematic of the
sox2 gene showing the position of primers (red bars) used to amplify ChIP-enriched DNA. C,
When compared to a negative site at the bmi1 locus, enrichment of Rad21 binding at the sox2 site
identified in ChIP-seq analysis was confirmed by ChIP-qPCR.
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Figure 5.8. Validation of Rad21 binding at the bmi1 gene in 4.5 h.p.f. zebrafish embryos. A,
Enrichment tracks of sequenced samples displayed in the UCSC genome browser. The stringent
Rad21 binding site identified in ChIP-seq analysis is highlighted in green. B, Schematic of the
bmi1 gene showing the position of primers (red bars) used to amplify ChIP-enriched DNA. C,
When compared to a negative site at the same locus, enrichment of Rad21 binding at the bmi1 site
identified in ChIP-seq analysis was confirmed by ChIP-qPCR.
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Figure 5.9. Validation of Rad21 binding at the ctcf gene in 4.5 h.p.f. zebrafish embryos. A,
Enrichment tracks of sequenced samples displayed in the UCSC genome browser. The stringent
Rad21 binding site identified in ChIP-seq analysis is highlighted in green. B, Schematic of the ctcf
gene showing the position of primers (red bars) used to amplify ChIP-enriched DNA. C, When
compared to a negative site within the same locus, enrichment of Rad21 binding at the ctcf site
identified in ChIP-seq analysis was confirmed by ChIP-qPCR.

105

5.3.5.

Functional significance of Rad21 binding

I used ChIP-seq to identify genes bound, and therefore potentially regulated, by cohesin.
To determine if cohesin does actually regulate the expression of these genes, knockdown
experiments can be performed to determine if loss of cohesin does indeed alter the
expression of these genes. Cohesin binding to a gene and altered expression of that gene
upon cohesin loss would provide strong evidence for that gene being directly regulated by
cohesin.
Ongoing work is aimed at determining whether cohesin directly regulates the expression of
the genes identified in the ChIP-seq analysis.

A preliminary experiment has been

performed where Rad21 was knocked down in zebrafish embryos to determine what effect
this had on the expression of bmi1 and pou5f1, two genes bound by Rad21 at 4.5 h.p.f.
The inability to phenotypically identify rad21nz171 homozygote mutant embryos at early
embryonic stages precluded their use in this experiment. Instead an antisense morpholino
targeting the translational start site of Rad21 (rad21ATG-MO) was used to knock down
Rad21, generating Rad21 morphants. Following injection of 1 pmol of rad21ATG-MO
into embryos at the 1-cell stage, injected and uninjected control embryos were collected at
several developmental stages; 2.5 h.p.f., 4.5 h.p.f., shield stage (approximately 6 h.p.f.), 6
somite stage (approximately 12 h.p.f.), and 24 h.p.f. RNA was extracted from the embryos
and used to make cDNA which was then analysed by qPCR. qPCR data was imported into
qbasePLUS software to determine if there was any change in the expression of bmi1 and
pou5f1 between uninjected and rad21 morphant embryos at each developmental stage.
Two reference genes, β-actin and wnt5a, were used to normalise the relative
quantification.

These reference genes have been used historically in our laboratory

(Horsfield et al., 2007) and were confirmed as being suitable for this experiment as there
was minimal variation in their expression between uninjected and rad21 morphant
embryos at each developmental stage investigated. It should be noted that there was
variation in the expression of β-actin and wnt5a across developmental stages, therefore
gene expression between different developmental stages can not be compared.
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While data is not available for cohesin binding at bmi1 and pou5f1 at shield, 6 somite, and
24 h.p.f. stages, the analysis was designed to also provide insight into how binding at 4.5
h.p.f. may influence gene expression in subsequent developmental stages.
Results suggest that the binding of Rad21 to bmi1 and pou5f1 at 4.5 h.p.f. has functional
consequences for the expression of these genes during early embryonic development in the
zebrafish. Compared to uninjected embryos, bmi1 expression in Rad21 morphants was
unaltered at 2.5 h.p.f., increased at 4.5 h.p.f. and shield stages, and largely unaltered at the
6 somite and 24 h.p.f stages (Figure 5.10). Upregulation of bmi1 in Rad21 morphants
indicates that cohesin may be functioning to repress bmi1 expression in 4.5 h.p.f. and
shield staged embryos. In normal zebrafish development, over the period from fertilisation
through to early gastrulation (approximately 5.3 h.p.f.), bmi1 expression peaks at the midblastula transition (MBT, approximately 3 h.p.f.), and is significantly reduced by the postMBT stage at 5.3 h.p.f. (Aanes et al., 2011). Given repression of bmi1 coincides with
cohesin binding, it is plausible that cohesin could be functioning to repress bmi1
expression.
Compared to uninjected embryos, pou5f1 expression in Rad21 morphants was unaltered at
2.5 h.p.f. and 4.5 h.p.f., upregulated at shield and 6 somite stages, and largely unaltered at
24 h.p.f. (Figure 5.10). Upregulation of pou5f1 in Rad21 morphants at the shield and 6
somite stages suggests that cohesin may function to repress pou5f1 at these stages. In
zebrafish pou5f1 is heavily maternally deposited in embryos before zygotic genome
activation.

However, expression analysis indicates that pou5f1 expression doubles

between the MBT (3 h.p.f.), when the zygotic genome is activated, and post-MBT (5.3
h.p.f.) stages (Aanes et al., 2011).

While Aannes et al. (2011) only examined

transcriptional profiles up until 5.3 h.p.f., other studies have shown that pou5f1 expression
is downregulated during the gastrula stage (5.25 h.p.f. to 10.3 h.p.f.) of zebrafish
embryogenesis (Takeda et al., 1994). In terms of my experiment, shield staged embryos
represent embryos in the gastrula period, when pou5f1 expression is being reduced, while
6 somite staged embryos represent those post-gastrulation. Therefore my preliminary
expression analysis supports a model whereby cohesin binding at 4.5 h.p.f. may have
functional implications for pou5f1 expression at later developmental stages.
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While the above preliminary data suggests that cohesin binding does have functional
consequences for gene expression, more investigation is needed to confirm this.
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Figure 5.10. Rad21 binding at bmi1 and pou5f1 has functional consequences on gene
expression. To investigate the functional consequences of Rad21 binding at bmi1 and pou5f1, RTqPCR was performed on wild type and Rad21 morphant embryos at 2.5 h.p.f., 4.5 h.p.f., shield, 6
somite and 24 h.p.f. stages of development. Results are graphed as relative gene expression, with
expression in the wild type embryos represented as 1. β-actin and wnt5a were used as reference
genes. Compared to wild type embryos, Rad21 morphants showed altered expression of bmi1 and
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pou5f1 at various developmental stages. Results shown represent a single RT-qPCR experiment
with error bars reflecting s.e.m. of technical replicates within the experiment.

5.4.

Conclusion

Rad21 ChIP-seq in 4.5 h.p.f. zebrafish embryos has revealed that Rad21 binds to a number
of genes involved in maintaining the stem cell state, including core transcription factors,
histone-modifying enzymes and histone variants. More importantly, in a number of cases,
Rad21 binding occurs within 10 kb upstream of the TSS of these genes, strongly
supporting the potential for direct regulation of these genes by cohesin. Preliminary
experiments suggest that cohesin binding to two of the genes identified in the ChIP-seq
analysis, bmi1 and pou5f1, may have functional consequences on the expression of these
genes. This provides preliminary support for cohesin directly regulating the genes that it
binds, however a much thorough investigation is required to confirm this.
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6.

Discussion

Over the last decade it has emerged that cohesin functions to regulate gene expression, in
addition to its well-known role in sister chromatid cohesion. More recently it has emerged
that cohesin plays an important role in maintaining the pluripotent state in mammalian
embryonic stems cells (ESCs) through its function in the regulation of gene expression
(Kagey et al., 2010; Nitzsche et al., 2011). During embryonic development, pluripotent
cells must decide whether they will self-renew and maintain their pluripotent potential, or
differentiate into one of three somatic cell lineages.

Thus the cell fate decision is

intricately linked with the cell cycle and gene expression programmes. Given cohesin is
involved in both the cell cycle and regulating gene expression it is tempting to speculate
that rather than merely contributing to maintaining the pluripotent state, as studies to date
have suggested, that cohesin may infact be a molecular switch that governs the fate of
embryonic stem cells.
There is a great deal of interest surrounding pluripotent stem cells due to their potential
application in regenerative medicine and in understanding human diseases, such as cancer.
Therefore the identification of cohesin as a molecular switch governing stem cell fate
would have extraordinary implications for the ever-expanding field of stem cell biology.
Throughout my Ph.D. studies I have investigated cohesin-dependent gene regulation
pertaining to pluripotency. To do this I have utilised the zebrafish model, which has
emerged as a tractable model organism to study mechanisms underlying pluripotency in
vivo. Results from my studies have begun to reveal the extent of cohesin’s potential as a
molecular switch governing stem cell fate. Furthermore, my results have highlighted how
studies in zebrafish can complement those performed in mammalian models, which is
important since the combined data furthers knowledge of stem cell biology.
Throughout my studies I took two approaches to investigate cohesin-dependent gene
regulation pertaining to pluripotency. The first of these was a candidate gene approach
where I investigated the mechanism by which cohesin regulates the expression of a core
transcription factor involved in pluripotency, c-Myc.

Secondly, I took an unbiased

111

genome-wide approach to identify genes potentially regulated by cohesin during the
pluripotency period. The findings from these studies will be discussed below.

6.1.

Cohesin-dependent regulation of c-Myc

Oct4 and Nanog are core transcription factors that play an important role in establishing
and maintaining pluripotency.

Studies in mouse embryonic stem cells revealed that

cohesin, in combination with the Mediator complex, directly regulates the expression of
these genes by mediating enhancer-promoter communication. At the starting point of my
study a microarray analysis previously performed on zebrafish harbouring a null mutation
in the Rad21 subunit of cohesin revealed that myca (zebrafish c-Myc) was downregulated
upon cohesin loss, suggesting that cohesin may also regulate the expression of yet another
core transcription factor involved in pluripotency. Furthermore, this positive regulation of
c-Myc by cohesin proved to be evolutionarily conserved, with loss of cohesin function in
Drosophila, mouse, and human also resulting in reduced c-Myc expression (Kawauchi et
al., 2009; Liu et al., 2009; Schaaf et al., 2009). This conserved regulation across species
supported the idea that cohesin plays an important biological role in regulating c-Myc
expression. Using the zebrafish as a model I sought to understand the mechanism by
which cohesin regulates c-Myc expression. It was previously shown that a barrier site
upstream of mammalian c-MYC, the Myc Insulator Element (MINE), separated a domain
of active chromatin harbouring the c-MYC gene from upstream repressed chromatin
(Gombert et al., 2003). This barrier site is bound by both cohesin and the CCCTC-binding
factor (CTCF) in human. Based on this characterisation of the mammalian c-MYC locus it
was hypothesised that cohesin and CTCF function as a chromatin barrier upstream of cMyc to prevent spreading of repressive chromatin marks into the c-Myc locus. However,
using the zebrafish I ruled out this chromatin barrier model as the mechanism by which
cohesin regulated c-Myc expression. Although I did not identify the mechanism by which
cohesin regulates c-Myc expression, results from my studies do provide insight into other
possible mechanisms of regulation, which will be discussed below.
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6.1.1.

Binding of cohesin at c-Myc is conserved between zebrafish and
human

Given cohesin positively regulates c-Myc expression in all species investigated to date, the
mechanism of this regulation is also likely to be conserved through evolution. Similar
cohesin binding patterns at both the mammalian and zebrafish c-Myc loci provides support
for this idea.
Rad21 ChIP-qPCR experiments revealed an enrichment of cohesin at predicted cohesin
binding sites at the myca locus, 1.27 kb upstream of the transcriptional start site (TSS), and
at the TSS itself. Similarly, in human cells, cohesin binds in vivo approximately 2 kb
upstream of the beginning of exon 1, at the MINE, and at the P2 TSS (Stedman et al.,
2008a).

6.1.2.

c-Myc expression appears to be independent of CTCF and the
upstream MINE

Cohesin binding sites at human and zebrafish c-Myc loci are coincident with in vivo CTCF
binding sites or predicted CTCF binding sites, respectively. Interestingly, two CTCF
binding sites spaced approximately 500 bp apart are predicted to reside upstream of both
the human and zebrafish c-Myc loci, with the sites located closer to the TSS in zebrafish
than in human (Figure 4.2A). While CTCF and cohesin have been shown to bind in vivo to
the promoter proximal of the two sites in human, in zebrafish Rad21 binds to the promoter
distal site. The evolutionary conservation of the CTCF binding sequences and their similar
spacing between fish and human implies that these sites are functional, however, mounting
evidence from my studies in zebrafish and other reports from mammalian systems supports
a role for cohesin in regulating c-Myc expression independently of CTCF.

6.1.2.1.

The effect of CTCF on c-Myc expression

Across the species investigated to date it appears that cohesin behaves consistently as a
transcriptional activator of c-Myc expression. In contrast, conflicting reports have been
published regarding the effect of CTCF on c-Myc expression, casting doubt on its role in
regulating c-Myc. Originally, CTCF was thought to be a repressor of c-Myc transcription.
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This was concluded after reporter constructs, engineered with a mutation that specifically
eliminates CTCF binding to the P2-proximal site of human c-MYC, showed three- to sixfold increase in reporter activity compared to a wild type construct (Filippova et al., 1996).
Conversely, it was recently reported that CTCF was required for normal expression of cMYC, after deletion of CTCF sites at both the MINE and P2 TSS resulted in a modest
decrease in c-MYC expression (Gombert and Krumm, 2009). It should be noted that
depletion of the CTCF site at the P2 TSS was the sole contributor to this decreased
expression, as deletion of the MINE CTCF site alone had no effect on c-MYC levels
(Gombert and Krumm, 2009). Further discrepancy arose when knocking down CTCF
protein in zebrafish embryos was shown to have no effect on myca expression (Rhodes et
al., 2010). This lack of effect on myca expression was not due to incomplete knockdown
of CTCF in zebrafish embryos as other genes were dysregulated in response to reduced
levels of CTCF. Commensurate with the lack of effect on myca expression upon CTCF
knockdown, I found that Rad21 still bound at the myca locus in the absence of CTCF even
though it had been reported previously that CTCF was needed to recruit cohesin to DNA
(Rubio et al., 2008). While the level of Rad21 binding remained the same at the TSS,
surprisingly, a greater enrichment of Rad21 was observed at the -1.27 kb site upon CTCF
knockdown. This suggests that instead of cohesin and CTCF co-operating together to bind
to DNA, cohesin may co-operate with another DNA-binding protein that may compete
with CTCF for binding to DNA. Given Rubio et al (2008) mutated CTCF binding site
sequences and observed a reduction in c-Myc expression, their results could be explained if
the other DNA-binding protein(s) that cohesin interacts with also utilise those consensus
sites to bind to DNA. If this were true, mutating the CTCF binding sites would also
abolish binding of this other DNA-binding protein that cohesin interacts with, indirectly
reducing the levels of cohesin at the site, providing an explanation for the reduced c-MYC
expression they observed. Subsequently it has been shown that cohesin can bind to the
genome independently of CTCF; cohesin binds with tissue-specific factors to regulate
gene expression (Kagey et al., 2010; Nitzsche et al., 2011; Schmidt et al., 2010).
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6.1.2.2.

The MINE appears to be dispensible for c-Myc expression

Cohesin and CTCF have been shown to bind approximately 2 kb upstream of mammalian
c-MYC, a site that demarcates upstream heterochromatin from downstream euchromatin
(Gombert et al., 2003). A 1.6 kb fragment encompassing the 2 kb binding site (1.7 kb to
3.3 kb upstream of exon 1) was incorporated into reporter constructs and found to inhibit
reporter gene expression when positioned between the enhancer and promoter needed to
drive expression of the gene. Subsequently this region was termed the Myc Insulator
Element (MINE) (Gombert et al., 2003). In addition to having enhancer-blocking activity,
this element also had chromatin barrier activities, as when positioned in a construct
upstream of the enhancer in the reverse orientation, expression of the reporter gene
increased (Gombert et al., 2003). Further characterisation of the 1.6 kb MINE region
revealed distinct regions were responsible for the two different activities. The enhancerblocking activity of the MINE was mediated in part by the 40-bp region containing the
CTCF binding sequence, while the 1 kb 5´ portion was responsible for barrier activity
(Gombert et al., 2003).
These results suggest that the chromatin boundary upstream of c-Myc could function in
vivo to regulate c-Myc expression. However, my results reveal that the position of the
chromatin boundary is not conserved in zebrafish. ChIP-qPCR experiments in wild type
embryos using antibodies to trimethylated H3K9 (inactive chromatin) and acetylated
H3K9 (active chromatin) suggested the presence of a chromatin boundary 10 kb upstream
of the TSS of myca. While this does coincide with enrichment of Rad21 binding, it is a lot
further upstream than the boundary at the mammalian c-MYC locus. Furthermore the
cohesin binding site 10 kb upstream of myca is conserved in human and yet the chromatin
boundary does not occur there. Given the position of the chromatin boundary is not
conserved across species it suggests that the chromatin boundary may not be involved in
the evolutionary conserved mechanism of c-Myc regulation by cohesin.
Given that cohesin bound at the chromatin boundary, regardless of its position, I
hypothesised that cohesin contributed to chromatin barrier activity upstream of c-Myc and
through this function regulated the expression of c-Myc. According to this hypothesis, loss
of cohesin would compromise chromatin barrier activity upstream of c-Myc resulting in
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the spreading of repressive chromatin into the euchromatic region harbouring the c-Myc
gene, and as a result, transcription of c-Myc would be prevented. I tested the chromatin
barrier model hypothesis using the zebrafish. However, I found no spreading of repressive
chromatin marks into the myca locus in the absence of Rad21, indicating that cohesin does
not function as a chromatin barrier, blocking the spread of repressive chromatin marks, to
regulate c-Myc expression.

Consistent with these findings, the pattern of histone

acetylation at the human c-MYC locus showed no change upon the deletion of the CTCF
binding site at the MINE (Gombert and Krumm, 2009).
The finding that the position of the chromatin boundary upstream of c-Myc is not
conserved between human and zebrafish and that the barrier activity of the boundary is not
required for regulating c-Myc expression provides support that the chromatin boundary
does not play a role in the evolutionarily conserved mechanism of cohesin-dependent
regulation of c-Myc. Rather it has been suggested that the establishment of the
hyperacetylated domain and the position of the chromatin boundary upstream of c-Myc are
mediated by promoter-proximal chromatin remodelling complexes that induce histone
acetylation over a defined distance from the promoter (Gombert and Krumm, 2009).

6.1.3.

Chromatin changes at the transcriptional start site are important in
the regulation of c-Myc by cohesin

Accumulating evidence suggests that cohesin binding at the transcriptional start site (TSS)
of c-Myc plays an important role in cohesin dependent regulation of c-Myc.

In

lymphoblastoid cell lines derived from individuals with Cornelia de Lange Syndrome,
which show a modest reduction in c-MYC expression, RAD21 binding is lost from the P2
promoter TSS while RAD21 binding remains at the MINE site (Liu et al., 2009). Given
the majority of c-MYC transcripts originate from the P2 TSS (Wierstra and Alves, 2008)
loss of cohesin binding from this site supports an important role for cohesin in regulating
c-MYC expression. Furthermore following the removal of the Rad21 subunit of cohesin in
zebrafish I found specific changes in histone modifications, consistent with repression,
localised to the TSS of the myca gene. This suggests that chromatin remodelling at the
TSS is likely to be a key part of the mechanism used by cohesin to regulate c-Myc
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expression. Based on this, potential mechanisms employed by cohesin to regulate c-Myc
will be discussed below.

6.1.3.1.

Does cohesin regulate c-Myc by mediating enhancer-promoter
communication?

At many loci, including Pou5f1 (encoding Oct4) and Nanog in mouse embryonic stem
cells, cohesin has been shown to regulate gene expression by mediating enhancer-promoter
communication. In support of cohesin regulating c-Myc by this mechanism, in a colorectal
cancer cell line cohesin binds an enhancer (Rhodes and Horsfield, unpublished data),
located in a gene desert approximately 335 kb upstream of human c-MYC, that has been
shown to interact with the c-MYC promoter (Pomerantz et al., 2009; Tuupanen et al.,
2009). While it has not yet been shown, it is possible that cohesin could mediate this longrange enhancer-promoter communication.

However, based on the reasoning that the

mechanism of cohesin-dependent regulation of c-Myc will be evolutionarily conserved, the
gene layout surrounding the myca gene argues that long-range enhancer-promoter
communication is not the mechanism employed by cohesin to regulate c-Myc.
Unfortunately, it is difficult to identify enhancers in zebrafish based on sequence
conservation, thus preventing the identification of a conserved enhancer upstream of myca
that cohesin could potentially bring into contact with myca to regulate its expression.
However, of note, in zebrafish a gene desert does not exist upstream, but rather
downstream, of myca. While further studies need to be performed to determine if cohesin
does indeed regulate c-Myc expression by mediating long-range enhancer-promoter
communication, based on my comparative analysis of the region surrounding myca in
zebrafish, I suspect this is not the mechanism.

6.1.3.2.

Does

cohesin

regulate

c-Myc

expression

by

controlling

transcriptional elongation?
Upon differentiation of the human promyelocytic leukaemia cell line HL60 c-Myc
expression is reduced more than 10-fold (Dalla-Favera et al., 1983).

A block to

elongation, rather than reduced transcriptional initiation was found to be responsible for
this reduced expression (Bentley and Groudine, 1986). Subsequently a region 30 bp
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downstream (+30) of the c-MYC P2 TSS was found to be highly sensitive to potassium
permanganate, implying a site of paused RNA polymerase II (RNA Pol II) (Krumm et al.,
1992). Interestingly, hypersensitivity at the +30 site was observed in both proliferating
HL60 cells and those cells induced to differentiate for two days, when c-MYC expression
is reduced, but was not observed in cells induced to differentiate for seven days, when cMYC is not expressed. Since then it has been revealed that repression of c-MYC during
differentiation involves a rapid early drop in transcriptional elongation followed later by a
decline in and final loss of transcriptional initiation (Wierstra and Alves, 2008).
A reduction in cohesin has the same affect on c-Myc expression as the induction of
differentiation. The fact that a block to elongation is responsible for the downregulation in
c-MYC expression in differentiated cells raises the possibility that cohesin acts at the postinitiation level of proximal promoter RNA Pol II pausing to regulate c-Myc expression.
How cohesin may be involved in polymerase pausing at c-Myc is discussed below.
The positive transcription elongation factor b (P-TEFb) is critical for RNA Pol II
transcriptional elongation. Therefore it was no surprise that cyclin dependent kinase 9
(cdk9), the kinase subunit of P-TEFb, was found to regulate transcriptional elongation of
c-MYC (Montanuy et al., 2008). It was recently shown that the human Mediator subunit
MED26 positively regulates the expression of c-MYC by recruiting P-TEFb to the
promoter (Takahashi et al., 2011). The bromodomain protein, Brd4, has also been shown
to interact with P-TEFb (Jang et al., 2005) with this association required to form the
transcriptionally active P-TEFb for stimulation of RNA Pol II elongation (Yang et al.,
2005). Furthermore, Brd4 has also been shown to interact with the Mediator complex.
Together, this suggests that both the Mediator complex and Brd4 are responsible for
recruiting transcriptionally active P-TEFb to genes regulated by transcriptional elongation.
Cohesin has been shown to co-localise with the Mediator complex (Kagey et al., 2010).
Furthermore, cohesin and Mediator co-operate together to positively regulate the
expression of Pou5f1 and Nanog in mouse embryonic stem cells (Kagey et al., 2010). In
this case, Mediator and cohesin were shown to loop enhancers into contact with the
promoters of these genes. Although cohesin-mediated enhancer-promoter communication
may not be the mechanism by which cohesin regulates c-Myc expression, as discussed
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above, the possibility that cohesin and Mediator function together to regulate c-Myc
expression cannot be ruled out.

The Mediator complex can also stimulate basal

transcription independent of DNA binding transcription factors (Conaway and Conaway,
2011b). Therefore cohesin may function to recruit the Mediator complex to the P2 TSS of
c-MYC, with the Mediator complex in turn recruiting the Brd4-bound P-TEFb complex to
the site of paused RNA Pol II polymerase, subsequently enabling the regulation of c-MYC
through transcriptional elongation.

6.1.3.3.

Zebrafish myca locus is marked by both polycomb and trithorax
group activity

Chromatin immunoprecipitation studies revealed that wild type zebrafish embryos harbour
both the active H3K4me3 and repressive H3K27me3 marks at the myca locus,
characteristic of Trithorax (TrxG) and Polycomb (PcG) group activity, respectively.
While the H3K4me3 mark is localised to a discrete region comprising the first two exons
of myca, enrichment of H3K27me3 is broadly distributed across the region of the myca
locus examined, with levels of enrichment being the greatest downstream of the TSS.
Compared to myca, levels of H3K27me3 are much lower at the mdm2 and p53 loci, two
other genes that are bound by cohesin and therefore have the ability to be directly
regulated by cohesin. This indicates that the broad enrichment of H3K27me3 evident at
the myca locus is specific to myca rather than being a feature of genes directly regulated by
cohesin. Reduced myca expression in rad21nz171 zebrafish embryos is accompanied by an
increase in the levels of H3K27me3 at the TSS and within the first exon of myca, while the
active H3K4me3 mark is unaltered. The presence of both the active H3K4me3 and
repressive H3K27me3 marks at myca in wild type embryos, and the increase in the
repressive mark confined to the start of myca in response to cohesin knockdown, suggests
that PcG and TrxG group complexes may be involved in regulating c-Myc expression, and
furthermore, that cohesin may play a part in this regulation. This will be discussed below.

6.1.3.4.

myca is an exception where cohesin and polycomb proteins
simultaneously bind

The presence of H3K27me3 at a locus is usually associated with repression of that gene.
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Therefore enrichment of H3K27me3 at the zebrafish myca locus is odd given that myca is
expressed at the time point examined. Consistent with this, ChIP studies performed in
Drosophila revealed that cohesin and Nipped-B generally associate with actively
transcribed genes and are generally excluded from genomic regions marked by the
repressive H3K27me3 modification (Misulovin et al., 2008). However, in rare situations,
PcG targeted genes also bind cohesin (Schaaf et al., 2009). Interestingly, while most PcG
targeted genes are silenced and not affected by cohesin knockdown, those that also bind
cohesin are expressed at low to moderate levels and are hypersensitive to Nipped-B and
cohesin levels (Schaaf et al., 2009). For example, the Enhancer of split [E(spl)-C] and
invected-engrailed complexes are simultaneously enriched with cohesin and H3K27me3 in
Drosophila BG3 cells. Genes within these complexes are expressed at relatively low
levels in mock RNAi-treated cells with seven genes within these complexes being among
the top 12 transcripts that increase the greatest post Rad21i treatment (Schaaf et al., 2009).
jing, Psc, Suz2, hth, and Lim1 are further examples of genes simultaneously enriched with
cohesin and H3K27me3. Expression of these genes is 10-500 fold higher than genes
within the E(spl)-C and invected-engrailed complexes, however, their expression still
significantly increases with cohesin or Nipped-B knockdown (Schaaf et al., 2009). From
these studies it was concluded that all regions of substantial cohesin-H3K27me3 overlap in
BG3 cells are not silenced and are negatively regulated by cohesin.

However,

simultaneous binding of cohesin and PcG proteins at the zebrafish myca locus, which has
been shown to be positively regulated by cohesin, suggests that cohesin and PcG proteins
together could activate as well as repress genes, potentially functioning to fine tune gene
expression. Cohesin has been shown to associate with PcG proteins (Strubbe et al., 2011)
providing support for these proteins to function together.

6.1.3.5.

Cohesin and polycomb could potentially function together to fine
tune c-Myc expression

Some genes simultaneously bound by cohesin and PcG proteins show a biphasic response
to cohesin levels, providing support for these proteins functioning to fine tune gene
expression. For example, expression of E(spl)-C decreases when cohesin is reduced by
30% but when cohesin is reduced by 50-80% expression increases (Schaaf et al., 2009). It
was subsequently proposed that in cases of cohesin and H3K27me3 overlap, cohesin helps
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create an intermediate chromatin structure with aspects of both silenced and active regions,
with this dual role being consistent with the biphasic effects of Nipped-B and Rad21
knockdown on E(spl)-C expression (Schaaf et al., 2009).
myca expression is reduced by approximately 80% in 24 h.p.f. rad21nz171 homozygote
mutant zebrafish embryos, in which rad21 expression is reduced by approximately 85%.
In contrast, heterozygous rad21nz171 embryos have approximately 60% of wild type levels
of rad21 but have no significant change in myca expression compared to wild type
embryos (Rhodes et al., 2010). These results do not demonstrate a biphasic response of
myca in response to cohesin levels. However perhaps smaller reductions in rad21 would
disturb the cohesin-polycomb balance and promote an increase in myca expression.
Therefore further experiments reducing Rad21 levels incrementally will have to be
performed before ruling out the idea that cohesin dosage affects myca expression
biphasically.
While different degrees of cohesin knockdown did not have biphasic effects on myca
expression at the one time point, preliminary evidence suggests that cohesin knockdown
does have opposite effects on myca expression throughout zebrafish embryonic
development. Compared to 24 h.p.f., when Rad21 knockdown results in reduced myca
expression, younger 4.5 h.p.f. and shield stage embryos depleted of Rad21 exhibited an
increase in myca expression. H3K27me3 is also present at the myca locus in younger
embryos (Collas, personal communication). This raises the interesting possibility that the
balance of cohesin and polycomb could function to fine tune myca expression throughout
development.

It should be noted that these disparate effects on myca expression

throughout zebrafish development could also be a result of varying degrees of Rad21
knockdown at the stages examined. An antisense morpholino targeting the ATG site of
rad21 was injected into zebrafish embryos at the 1-cell stage. Due to heavy maternal
loading of Rad21 transcripts it is difficult to knock down Rad21 in young embryos, so
perhaps small reductions in Rad21 are responsible for the increased myca expression
observed in 4.5 h.p.f. and shield stage embryos, in a similar way to the biphasic response
observed by Dorsett et al. (2005) It has previously been shown that Rad21 levels are
reduced by the 6 somite stage of development following morpholino injection (Horsfield et
al., 2007). At 6 somites myca expression was reduced in Rad21 morphant embryos,
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similar to that at 24 h.p.f. These results suggest that profound depletion of Rad21 results
in reduced myca expression whereas slight depletion may cause its upregulation.

6.1.3.6.

Could cohesin and polycomb fine tune c-Myc expression by
regulating transcriptional elongation?

As discussed above, c-Myc is a gene regulated through transcriptional elongation.
Simultaneous enrichment of cohesin and PcG proteins at the myca locus raises the
possibility that cohesin and PcG proteins could fine tune c-Myc expression by regulating
transcriptional elongation. Consistent with this idea, it was recently shown in Drosophila
cells that the polycomb repressive complex (PRC) 1 is highly enriched at gene promoter
regions, and furthermore was shown to preferentially bind to promoters associated with
stalled RNA Pol II (Enderle et al., 2011). Modulating the rate of RNA Pol II elongation
has previously been shown to be a function characteristic of PRC1 in mammals (Stock et
al., 2007) suggesting this could be the mechanism by which PcG proteins fine tune gene
expression (Enderle et al., 2011). Interestingly, in Drosophila cells, cohesin was also
found to selectively bind genes with paused RNA Pol II, including Drosophila myc (dm)
(Fay et al., 2011). At a selection of genes both positively and negatively regulated by
cohesin, cohesin knockdown did not alter potassium permanganate reactivity, indicating
cohesin was not involved in the recruitment of RNA Pol II to these genes or the pausing of
the polymerase (Fay et al., 2011). Instead, for a selection of genes repressed by cohesin, it
was shown that cohesin interferes with the transition of the paused RNA Pol II to active
elongation, at a step distinct from those regulated by DSIF and negative elongation factor
(NELF) (Fay et al., 2011). While the effect of cohesin knockdown on the transition of
paused RNA Pol II to active elongation was not reported for any genes activated by
cohesin, I believe it is still feasible that PcG proteins and cohesin act to fine tune c-Myc
expression in this manner. It has previously been proposed that promoter proximal RNA
Pol II stalling serves not only to fully repress but also to attenuate transcription of active
genes (Nechaev et al., 2010).

Indeed Pou5f1 and Nanog are actively transcribed in

embryonic stem cells but still exhibit a rate-limiting step at pausing, with this pausing
speculated to provide a responsive transcriptional regulatory step for controlling the level
of critical core pluripotency transcription factors (Min et al., 2011).
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6.1.3.6.1.

Could a bivalent state exist at c-Myc, fine tuning its expression?

Zebrafish studies suggest that a bivalent state may exist at the myca locus. In 27 h.p.f.
wild type embryos, both H3K27me3 and H3K4me3 are enriched around the TSS of myca.
However, the ChIP experiment was performed in whole embryos that contain mycaexpressing and non-myca-expressing cells. Therefore the ChIP results are an average of
the chromatin marks at the myca locus in both cell types. To determine if a bivalent
chromatin state does occur at myca, sequential ChIP, in which ChIP-enriched chromatin
obtained using an antibody to the active H3K4me3 mark is then used in a second ChIP
experiment using an antibody to the repressive H3K27me3 mark, needs to be performed.
This would allow you to determine if both marks are at the same location. However in
support of a possible bivalent structure at the myca locus, the dual H3K4me3 and
H3K27me3 mark is also observed at myca in 5.3 h.p.f. embryos, which represent a more
homogenous sample (Lindeman et al., 2011). However, sequential ChIP also needs to be
performed in these embryos to confirm co-localisation of the active and repressive mark.
Although bivalent states are thought to prepare genes for prompt activation, it has been
proposed that bivalent states could ensure that a gene is expressed at an appropriate level
that is not too low or too high (Dorsett, 2011); that is fine tune gene expression.
Therefore, perhaps cohesin contributes to a bivalent state at myca. Cohesin may be
required to maintain a PcG-TrxG balance suited to gene expression, whereas reductions in
cohesin could disturb the balance resulting in increased PcG activity and subsequently
reduced myca expression.

6.2.

Extent of cohesin’s role as a master transcriptional facilitator
governing cell fate

c-Myc, Oct4, and Nanog are core transcription factors that play a crucial role in
establishing and maintaining pluripotency. The finding that cohesin directly regulates the
expression of c-Myc (Rhodes et al., 2010), together with existing data showing that
cohesin positively regulates the expression of Pou5f1 (encoding Oct4) and Nanog (Kagey
et al., 2010), raised the interesting possibility that cohesin could be a master transcriptional
facilitator of pluripotency. Furthermore, given altered expression of c-Myc, Oct4 and
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Nanog can alter cell cycle dynamics, subsequently promoting differentiation of embryonic
stem cells, cohesin could also be the molecular switch governing embryonic stem cell fate.
To investigate the extent of cohesin’s role as a master transcriptional facilitator and
molecular switch governing stem cell fate, I set about global identification of genes
potentially regulated by cohesin during the pluripotency period. To do this I performed
Rad21 ChIP-seq experiments in zebrafish embryos staged before (2.5 h.p.f.) and after (4.5
h.p.f.) the maternal zygotic transition (MZT), with cells of the embryo being pluripotent
around the MZT. Identifying genes differentially bound by cohesin between these two
time points represented genes potentially regulated by cohesin during pluripotency.
Identifying the function of these genes would provide insight into the type of genes that
cohesin may regulate during pluripotency, thus shedding light on the extent of cohesin’s
role as a master transcriptional facilitator during pluripotency. Unfortunately, data from
the ChIP-seq analysis of the 2.5 h.p.f. samples was of poor quality and as such I found it
difficult to interpret. While lack of this data precluded obtainment of a differential cohesin
binding profile, identifying the function of those genes bound at 4.5 h.p.f. still provided
insight into cohesin’s transcriptional role during pluripotency.
Cohesin bound to several genes encoding core transcription factors known to play an
important role in establishing and/or maintaining pluripotency, including pou5f1 (which
encodes Oct4), nanog, and sox2. Preliminary expression analysis revealed that cohesin
binding at pou5f1 does have functional consequences on the expression of the gene, with
results suggesting that cohesin may function to repress pou5f1 expression during the
gastrula period. This result is in contrast to studies performed in mouse embryonic stem
cells, which show that cohesin positively regulates the expression of Pou5f1 (Kagey et al.,
2010). However, it could be that cohesin acts biphasically to regulate pou5f1 expression,
activating

its

expression

during

pluripotency

and

then

repressing

it

during

gastrulation/differentiation. While no alteration in pou5f1 expression in Rad21 morphants
at 4.5 h.p.f. does not necessarily support this idea, there could be a couple of explanations
for this. Firstly, cohesin knockdown may not have been effective at the earlier 4.5 h.p.f.
timepoint. rad21 transcripts and protein are maternally loaded in zebrafish embryos to
support embryonic development until activation of the zygotic genome at 3 h.p.f. As
maternal protein has already been translated, the rad21ATG-MO is not effective at
reducing the maternal contribution of Rad21 protein, rather, it is only effective at
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preventing translation of zygotic rad21 transcripts. Therefore you have to wait for the
maternal protein to degrade over time. However, an alteration in bmi1 gene expression
was observed in Rad21 morphants at 4.5 h.p.f. suggesting that Rad21 can be effectively
knocked down at this timepoint. A second possible reason for pou5f1 expression levels
not altering in 4.5 h.p.f. Rad21 morphants is that pou5f1 is so heavily maternally loaded
that it is difficult to tease out the zygotic contribution to pou5f1 levels. Cohesin binding to
the zygotic genome could indeed be altering zygotic pou5f1 transcription, but the large
amount of maternal transcripts could be masking this effect.
In addition to transcription factors, chromatin regulators and architectural proteins can
influence gene expression to maintain the pluripotent state. For example, PcG proteins are
important for establishing repressive chromatin marks at developmental genes, preventing
their transcription during pluripotency.

In addition, PcG complexes can function in

combination with TrxG protein complexes to establish bivalent chromatin states at the
transcriptional start sites of genes encoding developmental regulators, thereby allowing
rapid activation of target genes when required. Another example of a chromatin regulator
important in pluripotency is the methyltransferase, SetDB1, which establishes the
repressive H3K9me3 mark at genes encoding developmental regulators (Bilodeau et al.,
2009). Loss of SetDB1 leads to loss of normal embryonic stem cell morphology and an
increase in differentiation markers (Bilodeau et al., 2009).

While these chromatin

regulators play an important role in establishing/maintaining the pluripotent state, little is
known about how they are regulated. A novel finding from my ChIP-seq studies is that
cohesin binds to the regulatory region of a number of genes encoding chromatin
regulators, including the PcG protein complex member bmi1 and the histone
methyltransferase setdb1a, and proteins that organise the three dimensional structure of the
genome. As with pou5f1, preliminary data suggests cohesin binding to bmi1 is functional,
while the functional significance of binding at the other genes remains to be determined.
However, the potential regulation of chromatin regulators supports the role of cohesin as a
master transcriptional facilitator of the pluripotent state.
The role of cohesin as a master transcriptional facilitator of pluripotency is intriguing as
through its transcriptional regulatory role, cohesin could maintain the gene expression
signature and cell cycle dynamics conducive to maintaining the stem cell state. This
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concept is not only relevant for understanding development, but also has implications in
cancer biology. The ‘cancer stem cell model’ is currently at the forefront of the debate
surrounding the initiation and propagation of cancer (Kashyap et al., 2009). The cancer
stem cell model posits that cancer stem cells, which possess the pluripotent and selfrenewal hallmarks of embryonic stem cells, are able to maintain tumour growth and give
rise to a heterogeneous population of tumour cells comprising more cancer stem cells,
progenitor cells with limited proliferative potential, and aberrantly differentiated cells with
no proliferative potential (Sengupta and Cancelas, 2010) Cancer stem cells are relatively
refractory to common chemo- and radio-therapies (Al-Ejeh et al., 2011), leading to
recurrence of the cancer. It is therefore no surprise that the presence of cancer stem cells
within tumours is associated with a poor prognosis. Interestingly, RAD21 expression is
increased in aggressive tumours that are resistant to therapy (Oishi et al., 2007; van 't Veer
et al., 2002; Xu et al., 2011). Furthermore those cancers with increased RAD21 expression
have increased expression of stem cell factors such as c-MYC, OCT4, and NANOG
(Rhodes et al., 2011). Therefore it is tempting to speculate that by functioning as a master
transcriptional facilitator of pluripotency factors, cohesin maintains the cancer stem cell
population within tumours.

6.3.

Overall Conclusion

My research into cohesin-dependent gene regulation in pluripotency was prompted
following the revelation that the expression of zebrafish c-Myc (myca) was dysregulated in
embryos harbouring a null mutation in the Rad21 subunit of cohesin. My research has
focussed on investigating the transcriptional role of cohesin during pluripotency. Firstly I
have shown, for the first time, that cohesin directly regulates the expression of myca.
Moreover, this positive regulation is conserved throughout evolution, suggesting a
biologically functional relationship between cohesin and c-Myc. While the mechanism by
which cohesin regulates c-Myc expression has not yet been determined, I did rule out a
potential mechanism in which cohesin functions as a chromatin barrier upstream of myca
to prevent the spreading of repressive chromatin marks into the myca locus.
Having identified that cohesin directly regulated the expression of c-Myc I went on to
determine if there were broader transcriptional links between cohesin and pluripotency.
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Indeed, genome-wide ChIP-seq experiments revealed that cohesin binds, and therefore
potentially regulates, a large number of factors, including transcription factors and
chromatin regulators, involved in maintaining the pluripotent state. While the functional
significance of this binding is still in the process of being tested, preliminary data, together
with data from the literature, supports the function of cohesin as a master transcriptional
facilitator in pluripotency.

Furthermore, given cohesin may function as a master

transcriptional facilitator it also lends its hand as a molecular switch capable of governing
embryonic stem cell fate.

6.4.

Future Directions

Results from my studies have yielded the exciting prospect that cohesin could be an
important contributor to the transcriptional regulation of pluripotency, and through this
function could govern embryonic stem cell fate. Ongoing work will involve repeating the
ChIP-seq analysis in 2.5 h.p.f. embryos, and determining the functional significance of
cohesin binding at genes in 2.5 h.p.f. and 4.5 h.p.f. embryos. This analysis will not only
include examining expression levels of genes at these two time points, but also throughout
development, to investigate the idea that cohesin binding could pre-pattern the future gene
expression profile of the embryo. In parallel with this, cohesin ChIP-seq data will be
combined with existing histone modification data from similar timepoints, which has
revealed that active and repressive chromatin marks are established prior to zygotic
genome activation, which influence the gene expression pattern throughout early zebrafish
development (Lindeman et al., 2011). Combining the cohesin ChIP-seq data with the
histone modification data aims to determine if cohesin contributes to the establishment of
the chromatin marks prior to zygotic genome activation, and therefore the prepatterning of
gene expression.
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Appendix I
General solutions
5 M NaCl
0.5 M EGTA
2.5 M Glycine
70% (final v/v) Ethanol (EtOH)
1 M HEPES-KOH, pH 7.5
NP-40
3 M KCl
100 mM MgSO4
100% Ethanol (EtOH)

0.5 M EDTA
10 M NaOH
10% Sodium Dodecyl Sulfate (w/v) (SDS)
1 M Tris-HCl, pH 8
87% Glycerol
Triton X-100
1 M Tris-HCl, pH 6.5
100 mM Ca(NO3)2
10% ammonium persulfate (w/v) (APS)

Zebrafish Solutions
50x E3 (1 L)
CaCl2
MgSO4
KCl
NaCl
Milli-Q water
E3 was used at a final concentration of 1x

2.43 g
4.07 g
0.63 g
14.61 g
to 1 L

1x Danieau Solution (100 mL)
5 M NaCl
3 M KCl
100 mM MgSO4
100 mM Ca(NO3)2
1 M HEPES, pH 7.5
Milli-Q water

1.16 mL
23 µL
400 µL
600 µL
500 µL
97.3 mL

Deyolking Buffer (100 mL)
5 M NaCl
KCl
NaHCO3
Milli-Q water

1.1 mL
13.4 mg
10.5 mg
to 1 L
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Solutions for DNA techniques
50x Tris-Acetate-EDTA (TAE) Buffer (1 L)
Tris
Acetic Acid
0.5 M EDTA, pH 8
Milli-Q water
TAE buffer was used at a final concentration of 1x.

242 g
57.1 mL
100 mL
to 1 L

4x DNA loading buffer (100 mL)
Ficoll 400
Orange G
1x TAE

15 g
to colour
to 100 mL

Chromatin Immunoprecipitation solutions
Formaldehyde Fixative (10 mL)
Stock Solution
37% Formaldehyde
1x E3

Final Concentration
1.85%

Volume
0.5 mL
9.5 mL

Stock Solution
Final Concentration
1 M HEPES-KOH, pH7.5
50 mM
5 M NaCl
140 mM
0.5 M EDTA
1 mM
87% Glycerol
10%
100% NP-40
0.25%
100% Triton X-100
0.25%
UltraPure Distilled water
* Protease Inhibitors added prior to use.

Volume
2.5 mL
1.4 mL
0.1 mL
5.75 mL
0.125 mL
0.125 mL
40 mL

Lysis Buffer 1 (50 mL)

Buffer 2 (50 mL)
Stock Solution
Final Concentration
5 M NaCl
200 mM
0.5 M EDTA
1 mM
0.5 M EGTA
0.5 mM
1 M Tris-HCl, pH8
10 mM
UltraPure Distilled water
* Protease Inhibitors added prior to use.

Volume
2.0 mL
0.1 mL
0.05 mL
0.5 mL
47.35 mL
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Buffer 3 (50 mL)
Stock Solution
Final Concentration
0.5 M EDTA
1 mM
0.5 M EGTA
0.5 mM
1 M Tris-HCl, pH8
10 mM
UltraPure Distilled water
* Protease Inhibitors added prior to use.

Volume
0.1 mL
0.05 mL
0.5 mL
49.35 mL

2 x RIPA Buffer (50 mL)
Stock Solution
Final Concentration
1 M HEPES-KOH, pH7.5
100 mM
0.5 M EDTA
2 mM
5 M NaCl
280 mM
100% Triton X-100
2%
10% Sodium deoxycholate
0.2%
UltraPure Distilled water
* Protease Inhibitors added prior to use.

Volume
5.0 mL
0.2 mL
2.8 mL
1 mL
1 mL
40 mL

Wash Buffer (100 mL)
Stock Solution
2 x RIPA Buffer
5 M NaCl
UltraPure Distilled water

Final Concentration
1x
0.5 M

Volume
50 mL
10 mL
40 mL

Final Concentration
0.1 M
1%

Volume
1 mL
1 mL
8 mL

Elution Buffer (10 mL)
Stock Solution
1 M NaHCO3
10% SDS
UltraPure Distilled water

SDS-PAGE Electrophoresis Solutions
10x Tris-Glycine Protein Electrophoresis Buffer (1 L)
Tris
30 g
Glycine
144 g
SDS
10 g
Milli-Q water
to 1 L
Protein electrophoresis buffer was used at a final concentration of 1x.
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5% SDS-Polyacrylamide Stacking Gel (3 mL)
1 M Tris-HCl, pH 6.8
40% acrylamide:bisacrylamide (37.5:1)
10% SDS
10% APS
TEMED
Milli-Q water

375 µL
375 µL
30 µL
30 µL
3 µL
2187 µL

8% SDS-Polyacrylamide Resolving Gel (10 mL)
1.5 M Tris-HCl, pH 8.8
40% acrylamide:bisacrylamide (37.5:1)
10% SDS
10% APS
TEMED
Milli-Q water

2.5 mL
2.0 mL
0.1 mL
0.1 mL
0.01 mL
5.29 mL

5x Reducing Sample Buffer (2 mL)
DTT
61.6 mg
10% SDS
0.8 mL
1 M Tris-HCl, pH 6.8
100 µL
Glycerol
0.8 mL
2% Bromophenol Blue
80 µL
Milli-Q water
220 µL
Reducing Sample Buffer used at a final concentration of 1x
Western Blotting Solutions
Transfer buffer (1 L)
10 x protein electrophoresis buffer
Methanol
Milli-Q water
Transfer buffer was made fresh each time.

100 mL
200 mL
700 mL
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10x PBS-T (1 L)
NaCl
KCl
Na2HPO4
KH2PO4
Tween 20
Milli-Q water
PBS-T was used at a final concentration of 1x

80 g
2g
17.8 g
2.4 g
10 mL
up to 1 L

ECL Reagent A (100 mL)
1.5 M Tris-HCl, pH 8.8
6.68 mL
0.9 g p-coumaric acid/1 mL DMSO
24 µL
0.11 g luminol/1 mL DMSO
0.4 mL
Milli-Q water
92.8 mL
ECL Reagent A was stored at 4 °C and protected from light
ECL Reagent B (100 mL)
1.5 M Tris-HCl, pH 8.8
6.68 mL
30% H2O2
24 µL
Milli-Q water
93.2 mL
ECL Reagent B was stored at 4 °C and protected from light
ECL Reagent B was discarded after 3 months
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Appendix II
Primers used for ctcfSplx2 gel
Forward Primer
ATGATGATGGAAACCCTGGA

Reverse Primer
TCTTCATTTTGGGGTTCAGC

Primers used in RT-qPCR
Amplicon

Forward Primer

Reverse Primer

pou5f1

CTCCGAGAACCCTCAGGATA

CGACTCTAGAGCAGAACGGACT

bmi1

ATGAGGATCGAGGGGAAGTT

CTTGCTGTTGCGCCCTAT

myca
mdm2
aqp1
β-actin
wnt5a

GGCAGCGATTCAGAAGATGAAG
GATGCAGGTGCAGATAAAGATG
GTTTGCCTGGGACATCTGAC
CGAGCAGGAGATGGGAACC
GTTCGGCCGCGTCATG

CCGTCTCGTGCCTTTTCTGT
CCTTGCTCATGATATATTTCCCTAA
TCGAGCAGGATTGATTCCA
CAACGGAAACGCTCATTGC
TCGACTCACAGCATTCACAACA

Amplicon
myca
L
M
N
O
P
Q
R
S
T
U
V
W

Forward Primer

Reverse Primer

CCGCCTTCAAGCTCTTCTTA
GGGCAGCTGAAAATAAACCA
AAAGCCGAATGGCATATCAC
CGTAGGCTGAGTTGGGTCAT
ATTCCGTCTGGCCCTACTTT
TTCATTCCTCAAGAGCAAGAGTC
TCATTTTGCAACATCTTTGGA
AGTCAATGGGCATTACGTGT
CTTATTCATCCTGCCCCTGA
AGGACAGACTCAACCTTCAGC
CATGCTCGCGTTTGTAAGTG
AAGAACAGCTGAGGCGAAAG

ACGGCTGTAGCTCCCTGTAA
TAGACCATCATGGACGCAGA
CAGGCGTCTAATAACTCAAGAAGG
CCAGCAACTTGTTCAAGCAC
TGCTCTTGAGGAATGAACTGAA
GAAGAACAAGCCCTGATGTTG
CACGTAATGCCCATTGACTAAA
GCATGCTTCATATTCATCTGCT
ACAGTTTTTGCTCCGGTCAC
ATGAAGCTCTGGCTGACCAC
TGAACATTGCAGCCTTTCCT
GGGTGGGAGTTCTTGGAAAG

mdm2
E
F
G
H
I
J
K
L

TACCCTGGCCCTAAAGACCT
CAATTTGAAATGTGCGTTGG
TGCGGTCATATGGCAGTAGT
CAATCTTCGCAGAAGACGAA
TGACCAGTTCAACCCTCCTC
ATTGTTCACGGAAGGACTGG
AGAGTTCCCCGAGCTCATTT
TTTTGCTGAAAAGGTGCAGA

TCTCCTGGACTGCTCAGATG
AACTGAGCAAAATGCACACG
GCCACACTGAACAAAAGCAA
TGCTGCAAAACTCAAACAGC
CGAAGGTTGTGTTGGGAGTT
CACAAGGCAACTCCCAAACT
TTTCCCCCAACAAAAACAAC
GGCAGATGAAAGGCTTGCTA

p53
T
U

TGGCTTTGGCATCACAATAA
CCGACATCGCTTTAAACGTTAC

TCAGAAGCAAAACCCCAAAC
CAGTTCTGTCGCGCAAGTAG

Primers used in ChIP-qPCR
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V
W
X
Y
Z

TTGTTAGCAGCCATGTCAGG
GTACCACCCACAACCAAACC
CCCTCGTTGCAGTGTAGGTT
CTGGTTCAGGTCGGTTTGAT
CAGGATCTCCCTGCTGGTAA

AATGATGTCCCAGCAAGAGC
GCCTCGGTTTTCAAAATTCA
CAATAGAGGAGCACGGAGGA
CCCTTTTGTTGAATCCCTGA
CTCCTACCATGGCTAATTCCA

pou5f1
pou5f1_1

TGGACACCACCTGCAAAATA

AAAGTGCGAACAGAGGAGGA

pou5f1_2

GCCTGGTCGGTGAAACTTAC

GCCATTAGCTGCCTTTCAGA

pou5f1_6

GGAAGAGTTGGAGGTGGTGA

GATTGCGCGTCTCAGTATCA

pou5f1_7

GTTGTTGCAGAGGTGGTTGA

AGGATGCACAGGAAACTGCT

sox2
sox2_3

AAAAAGCCAGCCCATTACCT

CTGGCACAGATGGCTCTTTT

sox2_4

CATTGAGGGTTTGCAGGAGT

GGCTTAATGGGAGGATGACA

bmi1
bmi1_1

GCGCTAGTCTGGAGAAAACG

GCAGGGCGCAGTACAATAAT

bmi1_2

TGCCAATCAAACGAATACGA

CAGTTTCACAGCCGTCACAT

ctcf
ctcf_1

AAAGATGGCTCATCGACACC

GGCATGAACATGATGGTGAG

ctcf_2

TTTTGTGCGGAGCCTACTCT

AAAGCCCAGGGTTTGTTCTT
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Appendix IV
Manual annotation of the top 160 stringent Rad21 binding sites at 4.5 h.p.f.
Nearest Gene

Gene Name

1

zgc:158847

Thioesterase superfamily member 4

32 kb

2

Hypothetical protein LOC393726

15 kb

Hypothetical protein LOC564531

0.6kb

Upstream

4

zgc: 73220
si:ch211132b12.7
zgc: 158847

Position of
Rad21 binding
site relative to
nearest gene
Downstream
(within)
Upstream

25 kb

5

zgc: 174708

6
7

sec14l1
grna

92 kb
6 kb

Downstream
Downstream
(within)
Downstream
Downstream

8

fxc1

131 kb

Upstream

9
10

zgc: 92417
zgc: 173710

60 kb
225 kb

Upstream
Downstream

11

her15.2

94 kb

Upstream

12

cnn3b

33 kb

Downstream

13

si:ch211-160i2.3

36 kb

Downstream

14

ppp1cb1

10 kb

Downstream

15
16

sec14l1
si:ch73-6k14.1

100 kb
516 kb

Downstream
Downstream

17

zgc:100974

14 kb

Downstream

18
19
20

zgc: 113142
C1galt1a
aanat1

125 kb
0.9kb
50 kb

Upstream
Downstream
Downstream

21

zgc: 174650

475 kb

Upstream

22

zgc: 174650

461 kb

Upstream

23

si:ch73-190m4.3

16 kb

Downstream

24

ppp1r3ca

27 kb

Downstream

25
26
27
28
29

irf3
zgc: 153759
zgc: 91909
zgc:136871
skilb

0.039 kb
54 kb
13 kb
0.3kb
2 kb

Downstream
Upstream
Downstream
Upstream
Upstream

30

snrpd2

13 kb

Downstream

31

rab27a

250 kb

Upstream

32

zgc:66450

3 kb

Upstream

33

zgc:110789

Thioesterase superfamily member 4
Uncharacterised protein
LOC100141335
SEC14-like protein 1
Granulin-a
Mitochondrial import inner
membrane translocase
Uncharacterised protein LOC445071
Zinc finger protein 45-like
Hairy and enhancer of split-related
15.2
Calponin 3 acidic b
Uncharacterised protein
LOC100170829
Protein phosphatase 1 catalytic
subunit beta
SEC14-like protein 1
Si:ch73-6k14.1
Splicing regulatory glutamine/lysinerich
Uncharacterised protein LOC503524
Glycoprotein-N-acetylgalactosomine
Serotonin N-acetyltransferase
Uncharacterised protein
LOC100141363
Uncharacterised protein
LOC100141363
Probable E3 ubiquitin-protein ligase
HERC3
Protein phosphatase 1 regulatory
(inhibitor)
Interferon regulatory factor 2
Hypothetical protein LOC751655
Ras-related protein rab-7-like
Methionine adenosyltransferase-like
SKI-like oncogene b
Small nuclear ribonucleoprotein sm
D2
Ras-related protein Rab-27A
MARVEL domain-containing protein
3
Uncharacterised protein LOC503757

278 kb

Downstream

Peak
Ranking

3

Approximate
distance to
TSS of
nearest gene

666 kb

153

34
35
36
37

ftr72
fosb
ppm1e
zgc:171490

38

zgc:103688

39

gmcl1

40
41

LOC566572
zgc:92417

42

pcgf5a

43

LOC100002553

44
45

cyb5r3
rtn2a

46

tnnc1a

47
48

zgc:53120
si:dkeyp-92c9.3

49

seta

50
51
52
53
54
55

epc2
zgc:92326
nup50
slc15a1b
aanat1
aanat1

56

edc4

57

dysfip1

58

zgc:56518

59
60
61
62

zgc:66100
zgc:174314
capsla
btg3

63

irx6a

64

vamp3

65
66

si:dkeyp-92c9.3
morf4l1

67

zgc:174708

68

ppp1r3ca

69

mettl14

70

reep3

71

zgc:113030

72

chrna6

73
74

nup50
zgc:174690

75

tceb1b

finTRIM family member 72
Protein fosB
Protein phosphatase 1E
Uncharacterised protein LOC558926
Small nuclear ribonucleoprotein
polypeptide G
Putative sodium-coupled neutral
amino acid
Leucine rich repeat containing 4
Uncharacterised protein LOC445071
Polycomb group RING finger protein
5-A
Prolactin-releasing peptide receptorlike
NADH-cytochrome b5 reductase 3
Reticulon 2a
Troponin C slow skeletal and cardiac
muscles
Hypothetical protein LOC751749
Myosin-Ig
SET translocation (myeloid
leukaemia-associated)
Enhancer of polycomb homolog 2
Galactoside-binding soluble lectin 9
Nuclear pore complex protein Nup50
Solute carrier family 15 member 1
serotonin N-acetyltransferase
serotonin N-acetyltransferase
Enhancer of mRNA-decapping
protein 4
Dysferlin interacting protein 1
Micorsomal glutathione S-transferase
3
AMMECR1 protein
Zinc finger protein 37-like
Calcyphosine-like a
Protein BTG3
Iroguoois-class homeodomain protein
IRX-6
Vesicle-associated membrane protein
3
Myosin-Ig
Mortality factor 4-like protein 1
Uncharacterised protein
LOC100141335
Protein phosphatase 1 regululaotry
(inhibitor)
Methyltransferase-like protein 14
Receptor expression-enhancing
protein 3
Uncharacterised protein LOC553738
Neuronal acetylcholine reciptor
subunit alpha-6
Nuclear pore complex protein Nup50
Zinc finger protein
Transcription elongation factor B
polypeptide 1

1.5 kb
3 kb
52 kb
94 kb

Upstream
Upstream
Downstream
Upstream

2 kb

Downstream

59 kb

Downstream

80 kb
56 kb

Downstream
Upstream

50 kb

Downstream

48 kb

Upstream

14 kb
7 kb

Downstream
Upstream

0.4 kb

Upstream

113 kb
73 kb

Downstream
Downstream

0.5 kb

Upstream

0.2 kb
10 kb
30 kb
22 kb
25 kb
38 kb

Downstream
Upstream
Upstream
Upstream
Downstream
Downstream

29 kb

Downstream

9 kb

Downstream

8 kb

Upstream

0.3 kb
70 kb
153 kb
5 kb

Upstream
Downstream
Upstream
Upstream

1 kb

Downstream

77 kb

Upstream

62 kb
24 kb

Downstream
Downstream

532 kb

Downstream

44 kb

Downstream

177 kb

Upstream

15 kb

Upstream

27 kb

Upstream

9 kb

Upstream

32 kb
842 kb

Upstream
Upstream

9 kb

Downstream
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76

her15.2

77

nrarpa

78

zgc:174710

Hariy and enhancer of split-related
15.2
Notch-regulated ankyrin repeatcontaining
Uncharacterised protein
LOC100137105

100 kb

Upstream

1.6 kb

Upstream

488 kb

Downstream

Liprin-alpha-2

15 kb

Upstream

11 kb

Upstream

323 kb

Downstream

23 kb

Upstream

34 kb

Downstream

26 kb

Upstream

1.1 kb

Downstream

18 kb

Downstream

81 kb
46 kb

Upstream
Upstream

90 kb

Downstream

1.2 kb

Upstream

4 kb

Downstream

67 kb
197 kb
5 kb
39 kb

Downstream
Upstream
Upstream
Downstream

11 kb

Upstream

32 kb

Downstream

119 kb

80

si:ch211107n23.1
socs3b

81

irx1a

82

zbt24

83

zgc:112102

84

irx5a

85

neurod

86

zbtb10

87
88

slc17a5
thoc7

89

zgc:158766

90

h3f3a

91

zgc:92018

92
93
94
95

cdk9
cct5
spns2
sp2

96

LOC100004682

97

setd1ba

98

zgc:158241

Suppressor of cytokine signalling 3b
Iroquois-class homeodomain protein
IRX-1 isoform
Zinc finger and BTB domaincontaining protein
Dynactin subunit 6
Iroquois-class homeodomain protein
IRX-5
Neurogenic differentiation factor 1
Zinc finger and BTB domaincontaining protein
Sialin
THO complex subunit 7 homolog
Uncharacerised protein
LOC100009641
H3 histone family 3A
Uncharacterised protein
LOC100009641
Cell division protein kinase 9
T complex protein 1 subunit epsilon
Protein spinster homolog 2 isoform 1
Transcription factor Sp2
Similar to putative pheromone
receptor CPpr3
Histone-lysine N-methyltransferase
SETD1B-A
Protein WWC3

99

cul4a

Cullin 4A

275 kb

100
101
102
103
104

zgc:153407
LOC562755
appbp2
mapk8
zgc:109892

COMM domain-containing protein 8
Nuclear apoptosis-inducing factor 1
Amyloid protein-binding protein 2
Mitogen-activated protein kinase 8

45 kb
0.5 kb
34 kb
114 kb
76 kb

Downstream
Downstream
(within)
Downstream
Upstream
Downstream
Upstream
Downstream

105

ppp1r3ca

60 kb

Downstream

106

pds5a

0.3 kb

Downstream

107
108

btg2
pus7

0.2 kb
4 kb

109

cyyr1

110
111
112
113
114

zgc:158626
pgm1
zgc:101606
ubn2
ascl1a

29 kb
309 kb
30 kb
45 kb
0.1 kb

Upstream
Downstream
Downstream
(within)
Upstream
Downstream
Downstream
Downstream
Downstream

115

zbtb10

31 kb

Downstream

79

Protein phosphatase 1 regulatory
(inhibitor)
Sister chromatid cohesion protein
PDS5 homolog
Protein BTG2
Pseudouridylate synthase 7 homolog
Cysteine and tyrosine-rich protein 1
precursor
Hypothetical protein LOC791189
Phosphoglucomutase-1
PR domain zinc finger protein 12
Ubinuclein 2
Achaete-scute homolog 1a
Zinc finger and BTB domaincontaining protein

560 kb

155

116

mapk8b

118 kb

Upstream

1.6 kb

Upstream

2 kb

Upstream

104 kb
68 kb
72 kb
78 kb
629 kb
34 kb

Upstream
Downstream
Downstream
Upstream
Downstream
Downstream

0.1 kb

Downstream

5 kb

Downstream

7 kb

Upstream

11 kb

Upstream

281 kb

Upstream

0.3 kb

Downstream

LOC564685

Mitogen-activated protein kinase 8
Sin3 histone deacetylase corepressor
complex
Tryptophanyl-tRNA synthetase
cytoplasmic
Lysyl oxidase homolog 3
Dual specificity
Protein jagged-2 isoform 1
Beta-3-galactosyltransferase-like
Neurotimin isoform 2
Hypothetical protein LOC100170829
Anaphase-promoting complex
subunit CDC26
39S ribosomal protein L44
mitochondrial
Hypothetical protein LOC561722
Sterol regulatory element-binding
protein 1
Mediator of RNA polymerase II
transcription
Protein max (Danio rerio mycassociated factor X)
Hypothetical protein LOC564685

117

suds3

118

wars

119
120
121
122
123
124

lox13
dyrk1b
jag2
zgc:171538
ntm
si:ch211-160i2.3

125

cdc26

126

mrpl44

127

si:dkey-222f8.3

128

srebf1

129

med12

130

max

131

10 kb

132

zgc:174708

Hypothetical protein LOC100141335

2 Mb

Upstream
Downstream
(within)

133

si:ch211212d10.2

Hypothetical protein LOC557710

134

smoc1

135
136
137
138
139
140
141
142

disp1
zgc:173617
wu:fb25h12
zgc:63882
capsla
zp2l1
phf23b
mdkb

143

LOC100002553

144

sec14l1

145

cwc25

146

scrt1a

147
148

zgc64161
clock3

149

pde10a

150
151

cdkn1c
zgc:103506

152

pwp1

153

mepce

154
155
156

zgc:153746
axin1
rasgef1ba

SPARC related modular calcium
binding 1
Protein dispatched homolog 1
Hypothetical protein LOC100126111
Hypothetical protein LOC571418
Hypothetical protein LOC393373
Calcyphosine-like a
Zona pellucida glycoprotein 2 like 1
PHD finger protein 23B
Midkine-related growth factor b
Prolactin-releasing peptide receptorlike
SEC14-lik protein 1
Pre-mRNA-splicing factor CWC25
homolog
Scratch homolog 1 zinc finger protein
a
Beta-2 microglobulin
Clock homolog 3
camp and camp-inhibited cGMP 3’
5’-cyclic
Cyclin-dependent kinase inhibitor 1C
Protein spire homolog 2
Periodic tryptophan protein 1
homolog
7SK snRNA methylphosphate
capping enzyme
Hypothetical protein LOC768156
Axin-1
Ras-GEF domain-containing family

0.06 kb

Downstream

50 kb

Downstream

0.2 kb
50 kb
40 kb
3 kb
166 kb
83 kb
0.085 kb
52 kb

Upstream
Downstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream

30 kb

Upstream

89 kb

Downstream

19 kb

Downstream

17 kb

Upstream

3 kb
3 kb

Downstream
Upstream

0.1 kb

Upstream

2 kb
28 kb

Upstream
Downstream

34 kb

Upstream

112 kb

Downstream

44 kb
0.4 kb
54 kb

Downstream
Downstream
Downstream

156

157

gli2a

158

pdxka

159
160

foxk1
pa2g4b

member 1B-A
Zinc finger protein GLI2
Pyridoxal (pyridoxine vitamin B6)
kinase a
Forkhead box protein K1
Proliferation-associated 2G4-like

22 kb

Downstream

105 kb

Downstream

9 kb
50 kb

Downstream
Downstream
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Appendix V
The top eight ‘Biological Process’ Gene Ontology categories significantly associated
with Rad21 binding at 4.5 h.p.f. and the genes within each category that are bound by
Rad21.
Nucleosome
Assembly

btbd11a
(ankyrin repeat
and BTB/POZ
domaincontaining)
h2afx (histone
H2A.x)

Chromatin
Assembly

Nucleosome
Organisation

proteinDNA
complex
assembly

proteinDNA
complex
subunit
organisation

DNA
packaging

DNA
conformation
change

Chromatin
assembly or
disassembly
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asf1bb (histone
chaperone
asf1b-B)

h2afx
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h2afx
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btbd11a
cbx1a
(chromobox
protein
homolog 1)
cbx3a
(chromobox
protein
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histone family
member Y-like)
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hist1h4l
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hist1h4l

hist1h4l

hist1h4l

hist1h4l

ftr06

hist2h2l

hist2h2l

hist2h2l

hist2h2l

hist2h2l

hist2h2l

h2afx

hist2h3ca1

hist2h3ca1

hist2h3ca1

hist2h3ca1

hist2h3ca1

hist2h3ca1

h2afy2

myst3

myst3

myst3

myst3

myst3

myst3

h2afy2

seta

seta

seta

seta

seta

Seta

h3f3a

setb

setb

setb

setb

setb

Setb

hist1h4l

hist2h2l

hist2h3ca1

h3f3a (H3
histone family
3A)
hist1h4l (histone
1 H4 like)
hist2h2l
(histone H2B 3)
hist2h3ca1
myst3
(histone
acetyltransferase
MYST3)
seta
(SET
translocation
(myeloid
leukaemiaassociated)
setb
(protein SET)
ttna

ttna

ttna

ttna

ttna

top2a (DNA
topoisomerase
2-alpha)

top1mt (DNA
topoisomerase
I
mitochondrial)

zgc:101846
(histone 2 H2a)

zgc:101846

zgc:101846

zgc:101846

zgc:101846

ttna

top2a

zgc:110425

zgc:110425
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zgc:101846

Ttna

zgc:112234
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factor 4-like
protein 1)
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(chromodomain
helicase DNA
binding protein
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a b s t r a c t
Contact between sister chromatids from S phase to anaphase depends on cohesin, a large multi-subunit
protein complex. Mutations in sister chromatid cohesion proteins underlie the human developmental
condition, Cornelia de Lange syndrome. Roles for cohesin in regulating gene expression, sometimes in
combination with CCCTC-binding factor (CTCF), have emerged. We analyzed zebraﬁsh embryos null for
cohesin subunit rad21 using microarrays to determine global effects of cohesin on gene expression during
embryogenesis. This identiﬁed Rad21-associated gene networks that included myca (zebraﬁsh c-myc), p53
and mdm2. In zebraﬁsh, cohesin binds to the transcription start sites of p53 and mdm2, and depletion of
either Rad21 or CTCF increased their transcription. In contrast, myca expression was strongly downregulated
upon loss of Rad21 while depletion of CTCF had little effect. Depletion of Rad21 or the cohesin-loading factor
Nipped-B in Drosophila cells also reduced expression of myc and Myc target genes. Cohesin bound the
transcription start site plus an upstream predicted CTCF binding site at zebraﬁsh myca. Binding and positive
regulation of the c-Myc gene by cohesin is conserved through evolution, indicating that this regulation is
likely to be direct. The exact mechanism of regulation is unknown, but local changes in histone modiﬁcation
associated with transcription repression at the myca gene were observed in rad21 mutants.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Sister chromatid cohesion during cell division is mediated by
cohesin, a large multimeric complex that also has a DNA repair
function (Nasmyth and Haering, 2009; Watrin and Peters, 2006).
Cohesin forms a large ring-like complex that concatenates replicated
sister chromatids (Haering et al., 2008). The cohesin ring contains four
subunits: structural maintenance of chromosomes subunits Smc1 and
Smc3, plus two non-SMC subunits, Mcd1/Scc1/Rad21, and Scc3/
Stromalin (SA). Loading of cohesin onto chromosomes happens in
telophase in most organisms, and is facilitated by a protein complex
containing Scc2 (Nipped-B in Drosophila and NIPBL in human) and
Scc4/MAU-2 (Ciosk et al., 2000; Rollins et al., 2004; Seitan et al.,
2006). Cohesin's role in sister chromatid cohesion is relatively well
characterized (Losada, 2008; Nasmyth and Haering, 2005, 2009), but
it also has an enigmatic role in the regulation of gene expression
(Dorsett, 2007).
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In Drosophila, the cohesin-loading factor Nipped-B/Scc2 facilitates
expression of the cut gene through long-range enhancer–promoter
interactions (Dorsett et al., 2005; Rollins et al., 2004; Rollins et al.,
1999). The effects of Nipped-B and cohesin on gene expression are
direct, vary greatly in magnitude, and can be both positive and
negative, suggesting that they regulate transcription via multiple
mechanisms (Schaaf et al., 2009). In zebraﬁsh, cohesin is expressed in
both proliferating and non-proliferating cells (Mönnich et al., 2009)
and is required for early tissue-speciﬁc transcription of runx1 and
runx3 during embryogenesis (Horsﬁeld et al., 2007). In mouse, the
cohesin-associated proteins Pds5a and Pds5b have essential non-cell
cycle related functions (Zhang et al., 2009; Zhang et al., 2007), and
mice heterozygous for the Nipped-B ortholog Nipbl have severe
developmental deﬁcits and altered gene expression in the absence of
cell cycle or sister chromatid cohesion defects (Kawauchi et al., 2009).
Cohesin is required for axon pruning in post-mitotic neurons of
Drosophila mushroom bodies (Pauli et al., 2008; Schuldiner et al.,
2008), clearly demonstrating a developmental function separable
from its cell cycle role.
Loss-of-function mutations in NIPBL or missense mutations in the
SMC1A or SMC3 cohesin subunits cause Cornelia de Lange syndrome
(CdLS), which displays diverse and highly variable mental deﬁcits and
structural abnormalities (Deardorff et al., 2007; Krantz et al., 2004;
Musio et al., 2006; Tonkin et al., 2004). It is widely believed that the
pathology of CdLS is caused by altered expression of developmental
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genes, rather than by cell cycle anomalies (Dorsett, 2009; Liu and
Krantz, 2008; Strachan, 2005). In a mouse NIPBL model of CdLS, a large
number of gene expression changes that are small in magnitude (≤2
fold) were observed (Kawauchi et al., 2009). Transcript proﬁling of
lymphoblastoid cell lines from CdLS patients also identiﬁed consistent
gene expression alterations (Liu et al., 2009). Cohesin binds a high
proportion of the affected genes at their transcriptional start sites (Liu
et al., 2009).
Genome-scale mapping of cohesin binding sites provides further
evidence that it directly regulates transcription. In Drosophila, NippedB and cohesin co-localize genome-wide, and associate preferentially
with active genes (Gause et al., 2008; Misulovin et al., 2008). Similar
mapping experiments in mammalian cells identiﬁed extensive colocalization between cohesin and the CCCTC-binding factor (CTCF), a
highly conserved zinc ﬁnger protein (Parelho et al., 2008; Stedman
et al., 2008; Wendt et al., 2008). CTCF functions at transcriptional
insulators that disrupt enhancer–promoter communication (Wallace
and Felsenfeld, 2007). Recruitment of cohesin to CTCF binding sites
may require interaction with CTCF (Rubio et al., 2008), and studies
suggest that cohesin inﬂuences the activity of cis-regulatory elements
that bind CTCF (Bowers et al., 2009; Hadjur et al., 2009). However,
cohesin also binds several sites in the human genome independently
of CTCF (Schmidt et al., 2010). Sites bound by cohesin independently
of CTCF in human cell lines were highly tissue-speciﬁc and
corresponded with known transcription factor binding sites and
active gene expression (Schmidt et al., 2010).
Both CTCF and cohesin can regulate epigenetic silencing of gene
expression by PcG proteins. Trimethylation of lysine 27 in histone H3
(H3K27Me3) is associated with PcG silencing (Schuettengruber et al.,
2007), and its distribution strongly anti-correlates with cohesin
binding on Drosophila chromosomes (Misulovin et al., 2008). In those
rare exceptions where cohesin and H3K27Me3 overlap, which include
several genes that regulate development, both cohesin and PcG
proteins are needed to restrict transcription (Schaaf et al., 2009). In
imprinting of the vertebrate Igf2 locus, CTCF recruits Polycomb
Repressive Complex 2 to mediate allele-speciﬁc H3K27Me3 (Li et al.,
2008). Cohesin also regulates the H19/Igf2 locus by participating in
chromosome looping (Nativio et al., 2009).
Myc proteins are key regulators of protein synthesis, growth and
proliferation in diverse organisms, and Myc overexpression contributes to many cancers (Pelengaris et al., 2002; Vita and Henriksson,
2006). Cohesin binds a CTCF site upstream of the mammalian c-Myc
gene (Rubio et al., 2008; Stedman et al., 2008), which in some cells
resides in a chromatin domain with hyperacetylated histones
(H3K9Ac) characteristic of transcriptionally active chromatin. In
turn, this active locus is itself ﬂanked by regions containing inactive
chromatin enriched in lysine 9-methylated histone H3 (H3K9Me). A
potential barrier element called MINE (Myc Insulator Element)
containing a CTCF binding site, is positioned between the active and
inactive chromatin 2.5 kb upstream of c-Myc (Gombert et al., 2003).
Surprisingly, however, c-Myc expression occurs independently of
CTCF binding to the MINE (Gombert et al., 2003), and mutation of the
CTCF binding site in the MINE has no effect on c-Myc transcription
(Gombert and Krumm, 2009).
A null mutation in the zebraﬁsh rad21 gene (rad21nz171) was
isolated in a screen for positive regulators of runx1 transcription in the
early zebraﬁsh embryo (Horsﬁeld et al., 2007). Here we identify
additional genetic pathways regulated by cohesin during early
zebraﬁsh development through microarray analysis of rad21nz171
mutants. A network of genes connected with myc (myca,
NM_131412), p53 and mdm2 are dysregulated, and some are highly
sensitive to rad21 gene dosage (ascl1b, sox11a, and aqp). A subset of
cohesin-regulated genes, including p53 and mdm2, are also sensitive
to reduced CTCF. Cohesin binds a CTCF binding site upstream of myca
and to the transcription start sites of myca, p53 and mdm2. Strikingly,
loss of cohesin strongly reduces myca expression, while depletion of

CTCF has no detectable effect; furthermore, cohesin can still bind myca
in CTCF-depleted embryos. The H3K27Me3 silencing modiﬁcation
increases at the myca transcription start site in the absence of cohesin,
while H3K9Ac (a mark of transcriptionally active chromatin) is
reduced. Reduction of cohesin or Nipped-B in Drosophila cells also
downregulates myc and its target genes without cell cycle defects or
activation of p53. The Drosophila myc locus lacks CTCF binding sites,
but is nevertheless directly bound by cohesin. Furthermore, known
myc regulators are not affected upon Nipped-B or cohesin depletion,
indicating that cohesin directly facilitates myc transcription. The
combined results argue that regulation of the Myc growth and cell
proliferation pathway by cohesin is an evolutionarily conserved
mechanism that may occur independently of c-Myc regulation by
CTCF.
Materials and methods
Zebraﬁsh lines
Zebraﬁsh were maintained as described previously (Westerﬁeld,
1995). All zebraﬁsh research was approved by the University of Otago
Animal Ethics Committee.
Microarray and analysis
Total RNA was extracted from 24 h post-fertilization (h.p.f.) and
48 h.p.f. wild type and rad21nz171 mutants using Trizol (Invitrogen)
and puriﬁed using Qiagen RNeasy columns. Hybridization to Affymetrix Zebraﬁsh Genome Arrays and data acquisition were performed at
The University of Auckland School of Biological Sciences. A full
description of the microarray analysis is available on request, and the
data has been deposited at GEO (acc. no. GSE18795). The BG3 cell
cohesin and Nipped-B ChIP-chip data are from Misulovin et al. (2008)
(GEO acc. no. GSE9248) and the BG3 cell gene expression data are
from Schaaf et al. (2009) (GEO acc. no. 16152). The ChIP-chip and
gene expression data were processed and correlated as previously
described (Schaaf et al., 2009). The dm mutant larvae gene expression
data that were compared to the BG3 gene expression data are from
Pierce et al. (2008).
Microinjection
Morpholino oligonucleotides were obtained from GeneTools LLC
and diluted in water. For microinjection, 1 nl of morpholino was
injected into the yolk of wild type embryos at the 1- to 2-cell stages.
Morpholino oligonucleotides used were smc3ATG-MO, 5′-TGTACATGGCGGTTTATGC-3′; smc3Spl-MO, 5′-GTGAGTCGCATCTTACCTG3′; ctcfSplx2-MO, 5′-CCAAAACAGATCACAAACCTGAAAG-3′; ctcfATGMO, 5′-CATGGGTAATACCTACATTGGTTAA-3′. All morpholinos were
effective over the range of 0.75–1.0 pmol injected. See Supplementary
methods and Fig. S2 for further information.
Quantitative RT-PCR
Total RNA from pools of 30–50 embryos was extracted using Trizol,
DNAse-treated, and used to synthesize random-primed cDNA (SuperScriptIII, Invitrogen). Individual embryos from rad21nz171 heterozygous incrosses were genotyped by sequencing ampliﬁed exon 8 of the
rad21 gene. Equal amounts of total RNA from approximately 10
genotyped single embryos were then pooled into groups of homozygous wild type, heterozygous rad21nz171 and homozygous rad21nz171
RNA, from which random-primed cDNA was synthesized in triplicate.
SYBR Green PCR Master Mix (Applied Biosystems) was used to
amplify cDNA, and relative quantities were normalized to β-actin and
wnt5a expression. Samples were analyzed using an Applied
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Biosystems 7300 Real-Time PCR System. All PCR primers are listed in
Table S3.
Whole-mount in situ hybridization
In situ hybridization was performed as described previously
(Kalev-Zylinska et al., 2002).
CTCF binding site prediction
CTCF binding sites were predicted using the CTCFBSDB tool at
http://insulatordb.utmem.edu/ (Bao et al., 2008). The best hits using
the four position weight matrices (PWM) that represent core motifs
for CTCFBS sequences, with PWM scores N10.0, are presented.
Antibodies
Antibodies used for ChIP assays were: anti-Rad21 (raised in rabbit
against a 15 amino acid peptide of the zebraﬁsh protein, GenScript
Corporation, USA), anti-acetylated histone H3 (06-599; Upstate
Biotechnology), anti-trimethylated histone H3 (Lys 9) (07-442;
Upstate Biotechnology), anti-trimethylated histone H3 (Lys 4)
(9751; Cell Signaling Technology), anti-trimethylated histone H3
(Lys27) (9756; Cell Signaling Technology) and anti-pan histone H3
(05-928; Millipore).
Chromatin immunoprecipitation (ChIP)
ChIP was performed essentially as described previously (Eroglu
et al., 2006) on wild type and ctcf morphant 24 h.p.f embryos using
anti-Rad21 and anti-pan H3; on wild type and rad21nz171 27 h.p.f
embryos using anti-H3K4Me3, anti-H3K27Me3 and anti-pan H3; and
on wild type and rad21nz171 30 h.p.f embryos using anti-H3K9Ac, antiH3K9Me3 and anti-pan H3. qPCR analysis was performed as described
above. All PCR primers are listed in Table S3. The full ChIP protocol can
be found in supplementary methods.
Statistical analysis was performed using the Statistics/Data
analysis programme STATA, version 9.1 (StataCorp, USA). To compare
Rad21 enrichment between wild type and ctcf morphants a twosample t-test with equal variances was used.
Results
A network of genes functionally related to myca and p53 is dysregulated in
the rad21nz171 mutant
RNA from rad21nz171 mutant and wild type zebraﬁsh embryos
collected at two developmental time points 24 and 48 h.p.f. was used
to prepare probes that were hybridized to Affymetrix microarrays.
This revealed differential expression of many transcripts between
mutant and wild type embryos at both time points as illustrated by
the heat maps in Fig. 1. A signiﬁcance cut-off was set at ANOVA
p ≤ 0.05, and additional ﬁltering was applied to include only
transcripts that were up or downregulated 2-fold or more. These
correspond to false discovery rates of 0.31 at 24 h.p.f. and 0.19 at 48 h.
p.f. Selected data are presented in Table S1, and all data are available in
the GEO database (acc. no. GSE18795). Over half the genes regulated
by Rad21 at 24 h.p.f. were also regulated at 48 h.p.f.; Fig. S1 shows that
69 transcripts were regulated by Rad21 inactivation at both times.
Gene Ontology analysis was performed with the 24 h.p.f. and 48 h.p.f.
differentially abundant transcript lists (p≤ 0.005 and fold-change ≤−2
fold or ≥+2 fold). While the transcripts regulated only at 24 h.p.f. were
not signiﬁcantly enriched for any speciﬁc function, those regulated only
at 48 h.p.f. or at both time points were enriched for genes involved in
embryo development (GO:0007275, p ≤0.0001; aldh1a2, ascl1a, ascl1b,
bambi, edn1, emx2, eomes, ebp41, fzd8a, gsc, igfbp1, otp, pax9, pou50, six2.1,
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slc4a1, sox9b, tnc, tnnt, vox and wif) and transcription (GO:0006351,
p≤ 0.0001; cebpd, myca, emx2, eomes, foxd5, gsc, hey1, maf, otp, pax9,
pou50, six2.1, sox11a, sox11b, sox9b, tbx15, tp53 and vox). Ingenuity
Pathways Analysis was used to interrogate a gene product functional
database, which revealed that genes with altered expression in 48 h.p.f.
rad21 mutants are enriched for genes involved in tissue development (20
molecules, max p≤ 3.0× 10−3), cellular development (26 molecules, max
p≤ 3.2× 10−3), cancer (32 genes, max p ≤3.6 ×10−3), cell cycle (12
molecules, max p≤ 3.2× 10−3), gene expression (20 molecules, max
p≤ 3.4× 10−3) and cell death (26 molecules, max p≤ 3.6× 10−3).
The microarray data were also analyzed for the putative signatures
of molecular pathways using the networks function of Ingenuity
Pathways. This uncovered a network incorporating myca, p53, and
mdm2 (Fig. 1C). By permutation analysis (Fig. 1D) it is unlikely that
this network is due to chance alone (p ≤ 0.008). The core genes in the
network, myca, p53 and mdm2, were signiﬁcantly dysregulated upon
loss of rad21. myca was downregulated more than 5-fold at 24 and
48 h.p.f., while p53 was upregulated 1.5-fold (24 h.p.f.) to over 3-fold
(48 h.p.f.) and mdm2 upregulated over 3-fold at 48 h.p.f. (Table S1).
These results were conﬁrmed independently using quantitative PCR
(qPCR) on wild type, heterozygous rad21nz171 and homozygous
rad21nz171 embryos (Table S1, Fig. 2). Analysis of mRNA levels from
48 h.p.f. embryos using qPCR showed a N5-fold reduction in myca, a
N6-fold upregulation of p53, and a N10-fold upregulation of mdm2 in
mutants compared with wild type (Figs. 2B–D). We also used qPCR to
conﬁrm the regulation downstream of Rad21 of other genes found in
the microarray analysis (Figs. 2E–H, Table S1).
Halving the gene dose of rad21 reduced the levels of rad21 mRNA
to 60% of wild type in 48 h.p.f. embryos (Fig. 2A). We therefore asked
whether selected genes regulated downstream of Rad21 respond to
rad21 gene dose. Some of the Rad21-responsive genes, such as ascl1a,
ascl1b, aqp1, sox11a, (Figs. 2E–H) and edn1 (not shown) exhibited a
consistent sensitivity to rad21 gene dose. Embryos heterozygous for
rad21nz171 showed a small but statistically signiﬁcant (p b 0.05)
reduction in expression of ascl1b, aqp1 and sox11a. However,
expression of myca, p53, and mdm2 was not sensitive to halving the
dose of rad21 (Figs. 2B–D).
A subset of genes regulated by Rad21 are also regulated by CTCF
Many cohesin binding sites in the mammalian genome coincide
with binding sites for CTCF, therefore we asked whether certain genes
regulated by rad21 in the microarray analysis are also regulated by
CTCF. A single zebraﬁsh ctcf gene (Ensembl ENSDARG00000056621)
is expressed ubiquitously in early embryogenesis, later becoming
restricted to the brain (Pugacheva et al., 2006). We used antisense
morpholino oligonucleotides (MOs) targeting the ATG start codon
(ctcfATG-MO), or the 5′ donor of the exon/intron boundary of intron 2
in both known splice variants of ctcf (ctcfSplx2-MO), to create
knockdown “morphant” embryos. Both MOs produced an identical
phenotype characterized by developmental delay with head and
posterior defects (Fig. S2A), and had synergistic effects when coinjected (Fig. S2C). RT-PCR was used to conﬁrm aberrant splicing of
ctcf transcripts targeted by the MO (Fig. S2B). qPCR was used to
analyze the expression of selected genes that were signiﬁcantly
regulated by Rad21 (Table 1). Some, but not all of the genes regulated
by Rad21 were also regulated by CTCF. Genes that showed statistically
signiﬁcant dysregulation in ctcf morphants included p53, mdm2,
ascl1a, ascl1b, aqp1 and sox11b. Genes regulated by Rad21 but
unaffected in ctcf morphants included rad21, myca, sox11a, cdh11,
hey1, edn1, foxd5, emx2, tnc, pax9 and fzd8a (Table 1 and data not
shown). The p53 and mdm2 genes were both dramatically upregulated in ctcf morphants (Table 1 and Fig. 3). Unlike rad21 mutants, p53
upregulation in ctcf morphants was not associated with an increase in
apoptosis (Fig. S3). Unexpectedly, transcription of the zebraﬁsh myca
locus, which is strongly regulated by Rad21, was not affected in ctcf
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Fig. 1. Affymetrix microarray analysis of the rad21nz171 mutant. A, Heat map of mRNAs differentially abundant between wild type and rad21nz171 mutant embryos at 24 h.p.f. Colour is
proportional to mRNA abundance after transformation to Z-scores across rows, with mean abundance for any gene shown as black, higher than mean abundance shown as red, lower
than mean abundance shown as green. Both genes and microarrays have been clustered using Ward's method. B, Heat map of mRNAs differentially abundant between wild type and
rad21nz171 mutant embryos at 48 h.p.f. C, A subset of the most signiﬁcant 100 RNAs differentially abundant between wild type and rad21nz171 mutant embryos at 48 h.p.f. constitute a
putative molecular network, in which 15 mRNAs have known relationships to myca. D, Signiﬁcantly more of the differentially abundant genes were associated with myca than would
be expected due to chance alone. 1000 gene lists, each the same size as the list of genes regulated by rad21 disruption at 48 h.p.f. were randomly drawn from the genes available on
the Affymetrix chip used in this study. The number of genes in each of the 1000 lists that associated in IPA networks with myca is plotted in the histogram. Only 0.008 of the randomly
chosen gene lists contained more genes associated with myca than the experimentally derived gene list.

morphants (Figs. 3A, S2C). This ﬁnding is surprising since the MINE
element bound by CTCF near the mammalian c-Myc locus (Gombert
et al., 2003) appears to be conserved in zebraﬁsh (see below).
Cohesin binds the zebraﬁsh myca locus and regulates its transcription
Binding of cohesin to the mammalian c-Myc gene (Rubio et al.,
2008; Stedman et al., 2008) and downregulation of c-Myc in
lymphoblastoid cell lines derived from CdLS patients (Liu et al.,
2009) and brain of heterozygous Nipbl mutant mice (Kawauchi et al.,
2009) suggest that cohesin might directly regulate c-Myc gene
expression. If cohesin directly regulates c-Myc expression, the gene
products should be present in the same cells. To deﬁne regions of
overlap between rad21 and myca expression, we performed double in
situ hybridization with riboprobes detecting myca and rad21. At 24 h.

p.f., overlap was found in the tegmentum (te), the midbrain–
hindbrain boundary (mhb), the retinal ganglion cell layer (gcl) and
cells of the ventricular zone (vz) (Figs. 4A,B). At 48 h.p.f., myca and
rad21 overlap persisted in the retinal ganglion cell layer, the
tegmentum and midbrain–hindbrain boundary (Figs. 4C,D). Many of
these cells are likely to be proliferating, since a high proportion of cells
in these regions are in S phase (Mönnich et al., 2009). However, by
56 h.p.f., overlap between myca and rad21 expression was less
obvious (Figs. 4E,F). rad21 expression in the branchial arches (ba) is
robust at this stage, whereas myca expression in this tissue is
negligible.
Whole mount in situ hybridization with a myca riboprobe
conﬁrmed downregulation of myca expression in rad21nz171 embryos.
myca transcripts were markedly reduced in the brain and eye of
rad21nz171 mutants at 24 and 36 h.p.f. (Figs. 5A,B), consistent with the
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Fig. 2. The effect of rad21 gene dose on the expression of genes regulated downstream of Rad21 in 48 h.p.f. embryos. A–H, quantitative PCR was used to measure the expression
of rad21 (A), myca (B), p53 (C), mdm2 (D), ascl1a (E), ascl1b (F), aqp1 (G) and sox11a (H) from cDNA generated from pools of wild type (+/+), heterozygous rad21nz171 (+/−)
and homozygous rad21nz171 (−/−) embryos. An asterisk indicates where the difference in expression between wild type and heterozygous rad21nz171 is statistically
signiﬁcant (p-value b 0.05). Values are relative to wild type and represent the mean ± s.e.m. of three cDNA samples each run in duplicate.

reduced expression detected by qPCR. Expression of myca in
rad21nz171 mutants was rescued by microinjection of wild type
rad21 mRNA into 1-cell embryos, but not by microinjection of the
rad21nz171 mutant mRNA (data not shown). To determine whether
the whole cohesin complex is necessary for myca regulation we
knocked down smc3 (Figs. 5C–F) with MOs targeting the smc3 start
codon (smc3ATG-MO) or the splice site of exon 1, 3′ donor (smc3SplMO) to create smc3 morphants. MO efﬁcacy was previously veriﬁed
(Horsﬁeld et al., 2007). smc3 morphants displayed a dramatic
reduction in myca expression at 24 and 36 h.p.f. as detected by in
situ hybridization with a myca riboprobe (Figs. 5C,D), and by qPCR
(Figs. 5E,F). These results indicate that the whole cohesin complex
contributes to myca regulation.
To determine if regulation of zebraﬁsh myca by cohesin could be
direct, we ﬁrst asked whether potential CTCF and cohesin binding
sites exist in zebraﬁsh myca. The CTCF binding site database
(CTCFBSDB) (Bao et al., 2008) was used to predict CTCF binding
sites around the myca locus. We found two sites that strongly match
the CTCF consensus 0.76 kb and 1.27 kb upstream of the TSS of

zebraﬁsh myca (Fig. 6A). At the human c-MYC locus CTCFBSDB
predicted two similarly spaced CTCF sites 1.97 kb and 2.43 kb
upstream of the TSS. The spacing between these upstream CTCF
sites is similar between human (464 bp) and zebraﬁsh (510 bp) but
the zebraﬁsh sites are closer in proximity to the TSS (Fig. 6A).
Although CTCF binds to the human c-MYC P2 promoter (Gombert
et al., 2003; Gombert and Krumm, 2009), CTCFBSDB does not predict a
CTCF binding site within this region for either human or zebraﬁsh.
However, two CTCF sites are predicted to reside within the second
intron of zebraﬁsh myca under slightly less stringent criteria.
We next asked if the predicted zebraﬁsh CTCF sites recruit cohesin.
Using chromatin immunoprecipitation (ChIP) with an antibody detecting zebraﬁsh Rad21 (Fig. S4), we scanned for cohesin binding from
−10 kb upstream of the myca gene to +2 kb downstream of the TSS
(Fig. 6B). We found signiﬁcant Rad21 binding at the predicted CTCF site
(P) 1.27 kb upstream of the TSS of myca, and at the TSS itself (T, Fig. 6C).
We did not detect cohesin binding to the predicted upstream 0.76 kb
CTCF site (R), or the predicted intronic sites (V, Fig. 6C). Therefore in
zebraﬁsh, as in human cells, cohesin locates to two speciﬁc binding sites
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Table 1
Expression of Rad21-responsive genes in ctcf morphants relative to wild type, with
locations of predicted CTCF binding sites.
Gene

rad21

Fold-change expression in ctcf morphants

CTCF binding site(s)a

17
21
24
somites somites h.p.f.

Relative to
TSSb (kb)

Exonic/
intronic

−2.4
−1.3
+ 7.0

–
–
intron/
exon
boundary
intronic
intronic
–
–
–
–
exonic
–
–
intronic
exonic
–

1.0

1.1

−1.3

1.2

−1.2

myca

1.2

p53

4.1⁎

4.2⁎

4.4⁎

mdm2

2.7⁎

2.1⁎

2.5⁎

ascl1a
ascl1b
aqp1

−1.6⁎
−1.5
−3.7⁎

−1.7
−1.6⁎
1.0

−1.8⁎
−1.6
−2.0⁎

−1.3
−1.4

−1.6
−1.5

sox11a −1.3
sox11b −1.4⁎

36
h.p.f.

48
h.p.f.

1.1

1.2

+ 8.5
+ 13.9
−1.2
1.0 −10.53
−1.27
−0.76
3.5⁎
3.3⁎ −0.16
+ 1.0
+ 13.1
2.3⁎
1.5 −0.02
+ 3.4
+ 8.5
+ 9.6
−1.3 −1.1 –
−2.0 −1.4⁎ –
−1.7⁎ −2.0⁎ + 7.2
+ 10.3
−1.4 −1.4 −0.4
−1.5 −1.3 –

intronic
intronic
–

a
CTCF binding sites were predicted using CTCFBSDB (Bao et al., 2008) over regions of
genomic DNA 3 kb up- and downstream of the gene, sites with a PWM score N10.0 are
presented.
b
TSS, transcriptional start site.
⁎ Statistically signiﬁcant change in expression relative to wild type (p-value b 0.05),
data are the average of RT-qPCR results from three independent experiments.

in myca that are also predicted to recruit CTCF. Surprisingly, cohesin
robustly bound both sites in CTCF-depleted embryos (Figs. S2, 6D).
Although it is not known if CTCF binds to the same sites as cohesin in
zebraﬁsh (as it does in human), its depletion did not affect cohesin
binding or myca expression.

Fig. 3. Expression of selected Rad21-responsive genes in ctcf morphants. A–C,
quantitative PCR was used to measure the expression of myca (A), p53 (B) and mdm2
(C) in ctcf morphants relative to that in wild type embryos during early stages of
embryonic development: 17 somites, 21 somites, 24 h.p.f., 36 h.p.f., 48 h.p.f.. Values are
shown relative to wild type expression at 24 h.p.f., and are the mean ± s.e.m. of cDNA
generated from pooled embryos run in duplicate. Data from three independent
experiments are combined in Table 1, and graphs of one representative experiment for
each gene are shown here.

Cohesin has the potential to directly regulate mdm2 and p53
Transcription of zebraﬁsh mdm2 and p53 increased markedly upon
depletion of either Rad21 or CTCF (Figs. 1, 2), and the CTCFBSDB (Bao
et al., 2008) predicts CTCF binding sites at various locations
throughout both p53 and mdm2 (Table 1, Figs. 7A,C). This raises the
possibility that CTCF and cohesin could bind directly to regulatory
regions of these genes and control their transcription. To determine if
cohesin binds mdm2 and p53, we performed anti-Rad21 ChIP on
chromatin from wild type 24 h.p.f. embryos to scan the predicted
CTCF binding sites at both loci. We found that Rad21 binds at a single
predicted CTCF binding site immediately adjacent to the TSS of both
genes (Figs. 7B,D). Although several other CTCF binding sites were
predicted for both genes (Table 1 and Figs. 7A,C), these sites were not
bound by cohesin in vivo (Figs. 7B,D).
Loss of cohesin leads to altered histone marks conferring transcription
repression at the myca transcription start site
The conserved arrangement of predicted CTCF binding sites and in
vivo binding of cohesin at myca suggests that the −1.27 site may be a
zebraﬁsh MINE that separates actively transcribed chromatin from
repressed chromatin, similar to human c-MYC. Furthermore, myca
downregulation could be explained if loss of MINE integrity in the
absence of cohesin leads to spread of repressive chromatin marks into
myca, decreasing transcription. To explore this idea, we ﬁrst

determined the relative proportion of active to repressive histone
marks in the myca region.
We used ChIP to determine the enrichment of histone H3 either
methylated on lysine 9 (H3K9Me3) or acetylated on lysine 9
(H3K9Ac) from 10 kb upstream to 2 kb downstream of myca (Figs.
8A–C). There was a sharp, greater than 2-fold enrichment of
H3K9Me3 at −10 kb compared with −8 kb (Figs. 8C, L compared
with M). Conversely, enrichment of H3K9Ac increased from around
−3 kb through the myca gene (Fig. 8B). In human c-MYC, a chromatin
boundary exists at the −2.5 kb MINE (Gombert et al., 2003). However,
in zebraﬁsh increased H3K9Ac enrichment starting from 3 kb
upstream of myca does not seem to coincide with a predicted CTCF
or an in vivo cohesin binding site. Interestingly, there is a predicted
CTCF binding site (conserved in human) and a slight enrichment of
cohesin at −10.53 kb upstream of myca (Figs. 6C, L). Enrichment of
H3K9Me3 near this site raises the possibility that a chromatin
boundary may be present there. It is unclear whether a conserved
chromatin boundary exists for zebraﬁsh myca, however, a comparison
of human and zebraﬁsh chromatin structure across the Myc region is
summarized in Fig. S5.
While there was essentially no difference in chromatin enrichment
of H3K9Me3 between rad21nz171 mutants and wild type (Fig. 8C),
there was a marked decrease in H3K9Ac in the rad21nz171 mutants
(Fig. 8B). Loss of acetylation was most pronounced at the myca gene
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Cohesin regulation of c-Myc is a cross-species phenomenon that
accounts for concomitant indirect regulation of a subset of cohesinresponsive genes

Fig. 4. Overlapping expression of rad21 and myca in wild type embryos. A–F, wholemount wild type embryos stained for rad21 (blue) and myca (red-purple) expression at
24 h.p.f. (A–B), 48 h.p.f. (C–D) and 56 h.p.f. (E–F). Lateral views (panels A, C, E and F)
and dorsal views (panels B and D) are shown of anterior regions. There is overlapping
expression of rad21 and myca in cells of the ventricular zone (vz) at 24 h.p.f., and in
tegmentum (te), midbrain–hindbrain boundary (mhb) and retinal ganglion cell layer
(gcl) at 24 and 48 h.p.f. Only rad21 is expressed in the branchial arches (ba) at 56 h.p.f.

itself. Overall, the wild type myca locus contains a greater proportion
of acetylated to methylated H3K9 than rad21nz171 mutants (Fig. 8D),
due to loss of H3K9Ac in the mutants.
In Drosophila, Rad21 was shown to have TrxG activity in some
tissues (Hallson et al., 2008), which promotes H3K4Me3, a mark of
gene activation. Moreover, cohesin binding to Drosophila chromosomes is predominantly excluded from regions enriched in the
transcription repression mark H3K27Me3 (Misulovin et al., 2008).
Therefore, we asked if these histone marks are altered across the
myca locus in rad21nz171 mutants. We used ChIP to scan the myca
locus for relative enrichment of H3K27Me3 and H3K4Me3 from
10 kb upstream to 2 kb downstream of the myca TSS (Figs. 8A,E–F).
We found that H3K4Me3 was enriched at the TSS of myca (Fig. 8E) in
both wild type and rad21 nz171 mutant embryos. In contrast,
H3K27Me3 enrichment increased about 2-fold at the myca TSS
and a downstream site in rad21 nz171 mutants (Fig. 8F). The
H3K4Me3 to H3K27Me3 ratio was substantially decreased in
rad21nz171 mutants (Fig. 8G), indicative of transcription repression.
H3K27Me3 enrichment at the myca TSS in wild type is gene-speciﬁc,
as it was not found at the TSS of cohesin-responsive genes mdm2
and p53 (Fig. S6). Signiﬁcantly, H3K9Ac depletion and H3K27Me3
enrichment in rad21 nz171 mutants relative to wild type was
predominantly localized to the TSS.
Together the results indicate that loss of cohesin function in
zebraﬁsh does not lead to the spread of silencing from an upstream
region of condensed chromatin, but rather, confers a speciﬁc set of
histone modiﬁcations at the myca gene itself that are consistent with
transcription repression.

Downregulation of c-Myc upon partial NIPBL reduction in human
cells (Liu et al., 2009) and mouse brain (Kawauchi et al., 2009)
suggests that regulation of c-Myc by cohesin is evolutionarily
conserved. To explore this idea, we reanalyzed genome-wide ChIP
and gene expression data from Drosophila ML-DmBG3 (BG3) cells
derived from 3rd instar larvae central nervous system (Misulovin
et al., 2008; Schaaf et al., 2009).
Drosophila contains a single myc ortholog called diminutive (dm).
In BG3 cells, dm/myc is located in an 84 kb region bound by cohesin
and Nipped-B (Misulovin et al., 2008). RNAi knockdown of Rad21 or
Nipped-B by 80% reduced dm/myc expression by 65–70% (Schaaf et
al., 2009). Some genes downregulated in response to cohesin RNAi in
BG3 cells are not bound by cohesin, and therefore cannot be directly
regulated by it (Misulovin et al., 2008). Examples shown in Fig. 9 (pit,
Surf6, Nop60B, ppan, Fib) are also Dm/Myc target genes that show
decreased expression of similar magnitude to the decrease in dm/myc
transcripts (Figs. 9C–G). Knockdown of the SA cohesin subunit also
reduced expression of dm/myc and Myc target genes, indicating that
the cohesin complex is responsible (Fig. S7). Moreover, decreased
expression of the known Dm/Myc target genes is likely due to dm/
myc downregulation, because dm/myc RNAi reduces their expression
in BG3 cells (Fig. S7), and genes encoding Myc's partner Max (Gallant
et al., 1996), the Mnt repressor protein that competes with Myc for
interaction with Max (Loo et al., 2005; Pierce et al., 2008) and the Ago
protein that destabilizes Myc (Moberg et al., 2004) are all unaffected
by cohesin RNAi (Fig. S8). In addition, the reduction in dm/myc
transcripts caused by cohesin RNAi is not due to effects on other
upstream genes that regulate dm/myc function (Fig. S8). Therefore,
we conclude that reduced dm/myc transcription accounts for the
downregulation of a subset of cohesin-responsive genes.
Strikingly, the effects of Rad21 or Nipped-B knockdown on
expression of genes downstream of dm/myc in BG3 cells are
extremely close to those that occur in dm/myc mutant larvae (Pierce
et al., 2008). Of the 110 genes that showed the most decreased
expression in dm/myc (dm4) mutant 1st instar larvae (Pierce et al.,
2008), 98% also showed decreased expression with cohesin knockdown in BG3 cells (Table S2). Genes that increase in expression in dm/
myc mutant larvae are also largely affected by cohesin knockdown in
BG3 cells, although less consistently than seen with the genes that
decrease (Table S2). Altogether, 90% of examined in vivo dm/mycsensitive genes are also sensitive to cohesin knockdown in BG3 cells,
which is greater than the fraction of cohesin binding genes that
respond to cohesin knockdown in BG3 cells (Schaaf et al., 2009). The
results of our analysis argue strongly that the effects of cohesin
knockdown on expression of Dm/Myc-regulated genes in BG3 cells are
caused by the decrease in dm/myc expression, and that cohesin plays a
conserved role in regulating the Myc growth and proliferation
pathway.
Discussion
In this study we conducted a microarray gene expression analysis
of zebraﬁsh embryos null for the cohesin subunit rad21, in which we
previously reported dysregulated runx1 and runx3 expression
(Horsﬁeld et al., 2007). The dysregulated genes are signiﬁcantly
enriched for those involved in tissue and cellular development,
cancer, cell cycle, gene expression and cell death. A statistically
signiﬁcant dependency on rad21 gene dose was observed for the
expression of some genes, consistent with a cell cycle independent
role for cohesin, and supporting the idea that quantities of cohesin
that are sufﬁcient for cell proliferation may be insufﬁcient for normal
gene expression.
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Fig. 5. Reduced myca expression in rad21nz171 mutants and smc3 morphants. A, B, expression pattern of myca in whole-mount wild type and rad21nz171 embryos at 24 h.p.f. and 36 h.
p.f. respectively (anterior to the left). myca expression (purple) in the brain and eye of wild type is absent in rad21nz171 embryos. C, D, Expression of myca is also greatly reduced in
smc3 morphants at 24 h.p.f. and 36 h.p.f. respectively (anterior to the left). Embryos were injected with antisense morpholino oligonucleotides targeting the start codon (smc3ATGMO) or the 3′ donor site of exon 1 (smc3Spl1-MO) of the smc3 gene to create two smc3 morphants. E, F, The expression of myca in smc3 morphants (smc3ATG-MO and smc3Spl-MO)
is signiﬁcantly reduced compared to wild type embryos as measured by quantitative PCR at 24 h.p.f. and 36 h.p.f. respectively.

The most statistically signiﬁcant ﬁnding from our microarray
analysis was the regulation by cohesin of a network of genes that
included the well-known oncogene c-Myc.
Cohesin regulation of the c-Myc proliferation pathway is cell cycle
independent
The genes regulated by Rad21 in zebraﬁsh included a network of
cancer-associated genes — the hubs of this network included myca, p53
and mdm2. While myca was dramatically downregulated in rad21nz171
mutants, p53 and mdm2 were upregulated. mdm2 and p53 also respond
(in the same direction as Rad21 loss) to reduction in CTCF. Cohesin binds
to predicted CTCF binding sites at the TSS of myca, p53 and mdm2 (Figs.
6,7), indicating that both proteins have the potential to directly regulate
transcription of these genes. Although binding of cohesin to the TSS of

mdm2 and p53 raises the possibility of their direct regulation in
zebraﬁsh, it is also possible that their increased expression in rad21
mutants results from activation of a repair response due to nearcomplete loss of cohesin function late in development.
A previous study in zebraﬁsh describes p53-dependent apoptosis
as the primary consequence of cohesin subunit Smc3 knock down
(Ghiselli, 2006). However, evidence suggests that neither p53dependent apoptosis, nor a cell cycle blockade, is responsible for
myca downregulation in rad21nz171 mutant embryos. p53 is a known
repressor of c-Myc expression (Ho et al., 2005; Moberg et al., 1992;
Ragimov et al., 1993). In ctcf morphants and rad21 mutants, p53 and
mdm2 are upregulated to comparable levels (Figs. 2,3). Because myca
is not downregulated in ctcf morphants, excess p53 is unlikely to be
responsible for its downregulation in rad21 mutants. Furthermore,
there was no increased apoptosis in ctcf morphants despite the raised
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Fig. 7. Rad21 binding at zebraﬁsh mdm2 and p53 genes. A, C, Schematics of the zebraﬁsh
mdm2 (A) and p53 (C) genes showing the locations of predicted CTCF binding sites
(yellow bars) and primers (red bars) used to amplify immunoprecipitated DNA
following ChIP. B, D, Rad21 ChIP at mdm2 (B) and p53 (D) in wild type zebraﬁsh
embryos at 24 h.p.f. Rad21 binds to a single predicted CTCF binding site immediately
adjacent to the TSS of both mdm2 and p53. Results shown are the averages of two
independent ChIP experiments for Rad21 ± s.e.m while one ChIP experiment is shown
for panH3.

Fig. 6. Rad21 binding at zebraﬁsh myca. A, Schematic of human c-MYC and zebraﬁsh
myca genes comparing relative positions of predicted CTCF binding sites from the
transcriptional start site. Black solid boxes indicate translated regions, yellow bars
indicate predicted CTCF binding sites and right-angled arrows indicate the TSS and P2
(bold arrow). In vivo binding of CTCF is denoted by an asterisk. B, Schematic of the 3
zebraﬁsh myca gene indicating the location of primer sets (red bars) used for
ampliﬁcation of immunoprecipitated DNA following ChIP. C, anti-Rad21 ChIP in wild
type zebraﬁsh embryos at 24 h.p.f. Binding at each site was determined relative to
primer M (where no Rad21 binding was predicted) to give fold enrichment. Anti-pan
histone H3 (panH3) ChIP was used as a control. Results shown are the averages of four
independent ChIP experiments for Rad21 and two independent ChIP experiments for
panH3 ± s.e.m. D, Rad21 enrichment in ctcf morphants compared to wild type embryos
at 24 h.p.f. % Input corresponds to a fold enrichment (relative to M) of 8.5 for wild type
and 11.1 for ctcf morphants at (P), and 3.8 for wild type and 4.7 for ctcf morphants at
(T). There is a statistically signiﬁcant increase in Rad21 enrichment in ctcf morphants at
the −1.27 kb binding site (primer P) compared to wild type embryos (p = 0.01), but no
statistically signiﬁcant difference in Rad21 enrichment at the transcriptional start site
(primer T) between ctcf morphants and wild type embryos (p = 0.18). Results shown
are the average of 5 independent ChIP experiments for Rad21 and 3 independent ChIP
experiments for panH3 ± s.e.m. Aberrant splicing of ctcf in the morphants was
conﬁrmed for each ChIP experiment (data not shown).

p53 (Fig. S3), suggesting that p53 is not solely responsible for
apoptosis in rad21 mutants.
In accordance with our results, microarray databases from human
(Liu et al., 2009), mouse (Kawauchi et al., 2009) and Drosophila (Schaaf
et al., 2009) all show downregulation of c-Myc in response to cohesin or
Nipbl deﬁciency. In Nipped-B- or Rad21-depleted Drosophila cells,
virtually all ribosomal protein and aminoacyl-tRNA synthetase transcripts
are reduced 10 to 30%, and the most statistically signiﬁcant Gene Ontology
category for transcripts that decrease in response to Rad21 or Nipped-B
knockdown is protein translation (GO:0006412, p = 1.86E−77)
(Schaaf et al., 2009), consistent with a decrease in Dm/Myc function.
In Drosophila, Rad21 or Nipped-B knockdown by 80% has no
substantial effect on cell division or sister chromatid cohesion
other than a mild G2/M delay, and essentially no effect on expression
of DNA repair or cell cycle genes, with the exception of a slight
increase in cyclin B transcripts (Schaaf et al., 2009). In lymphocytes
from CdLS patients (Liu et al., 2009), c-MYC is downregulated to the
same extent as NIPBL (20 to 30%), and in Nipbl/+ mouse brain
(Kawauchi et al., 2009), c-Myc is again downregulated by 20–30%.
The absence of proliferation defects in either case indicates that cMyc regulation by cohesin is independent of cell cycle effects. Thus,
cohesin regulation of the c-Myc gene and the downstream cell
growth and proliferation pathway is independent of DNA repair and
cell cycle regulation. Moreover, our analysis of the Drosophila data
indicates that a sizeable fraction of cohesin-responsive genes may be
regulated consequential to c-Myc downregulation rather than
regulated directly by cohesin per se. The combined human, mouse,
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Fig. 8. Enrichment of histone modiﬁcations at the zebraﬁsh myca locus in wild type and rad21nz171 mutants. A, myca gene schematic showing the location of predicted CTCF binding
sites (yellow bars) and position of primer sets for qPCR of immunoprecipitated DNA following ChIP (red bars). ChIP was performed on 30 h.p.f. wild type and rad21nz171 mutant
embryos using anti-H3K9Ac, H3K9Me3, and panH3. B, 4 C, Enrichment of H3K9Ac (B) and H3K9Me3 across the myca locus expressed as % Input. Results shown are the averages of
two separate ChIP experiments ± s.e.m. D, Loss of H3K9Ac contributes to the lower ratio of active to repressive histone marks through the myca locus in rad21nz171 mutants. E, F, ChIP
was performed on 27 h.p.f. wild type and rad21nz171 mutant embryos using anti-H3K4Me3, H3K27Me3, and panH3. To account for the difference in panH3 enrichment between wild
type and rad21nz171 mutant embryos in this particular experiment, graphs show the ratio of either H3K4Me3 (E) or H3K27Me3 (F) enrichment relative to panH3 enrichment.
H3K27Me3 is markedly increased at the TSS of myca in rad21nz171 mutants compared to wild type. G, dividing H3K4Me3 enrichment by H3K27Me3 enrichment shows that
rad21nz171 mutants have a lower ratio of active to repressive histone marks at the myca TSS.

zebraﬁsh and Drosophila data argue that positive regulation of c-Myc
expression by cohesin is direct, and conserved between invertebrates
and vertebrates.
CTCF depletion does not affect myca expression or cohesin binding
Recent genome-wide studies have shown extensive overlap of
cohesin and CTCF binding in the mammalian genomes (Wendt and
Peters, 2009), including the MINE and P2 promoter regions of the cMYC locus (Rubio et al., 2008; Stedman et al., 2008). In ﬁsh and
human, two equally spaced CTCF binding sites are predicted upstream
of myca and c-MYC with the sites located closer to the TSS in zebraﬁsh
than in human. In human cells, the promoter-proximal of the two sites
interacts with CTCF and RAD21 (Liu and Krantz, pers. comm.), while in
zebraﬁsh the more distal of the two sites is bound by Rad21 (Figs. 6C,
S5). The evolutionary conservation of the CTCF binding sequences and
their similar spacing between ﬁsh and human implies that these sites
are functional, but the nature of this function remains to be
determined. Additional in vivo binding sites for CTCF (Gombert and

Krumm, 2009) and Rad21 (Liu and Krantz, pers. comm.) are present at
the P2 promoter (human) and the TSS (zebraﬁsh) although these sites
were not predicted in silico. Therefore, the c-Myc locus Rad21 and
CTCF sites are highly conserved between zebraﬁsh and human.
Even though CTCF binds to the MINE and P2 in mammals, the roles
of these sites in c-Myc regulation have been difﬁcult to establish. CTCF
binds to the MINE regardless of whether or not c-Myc is expressed
(Gombert et al., 2003) and deletion of the CTCF binding site in the
MINE has no effect on c-Myc expression (Gombert and Krumm, 2009).
Altered c-Myc expression occurs only when mammalian CTCF sites at
both the MINE and P2 promoter regions are deleted, and this modestly
reduces expression (Gombert and Krumm, 2009). In lymphoblastoid
cell lines derived from CdLS patients where c-MYC is downregulated,
cohesin binding at the MINE CTCF site is unaffected, but binding is
reduced at the P2 site (Liu and Krantz, pers. comm.). In Drosophila BG3
cells, the entire dm/myc gene binds cohesin, with the highest peak at
the TSS (Misulovin et al., 2008) while the closest CTCF binding sites
are ∼ 40 kb upstream and downstream of the transcription unit
(modENCODE). In zebraﬁsh, depletion of CTCF had no effect on myca
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Fig. 9. Drosophila dm/myc is located in a cohesin binding region, and is downregulated upon cohesin depletion, along with selected downstream targets. A, a region on chromosome 1
(X) containing dm/myc is coated with cohesin and Nipped-B in ML-DmBG3 (BG3) cells. RNA PolII binding at the dm/myc gene shows that it is actively transcribed, and a paucity of
H3K27Me3 indicates a lack of transcriptional repression across the region. Similar cohesin, PolII and H3K27Me3 patterns are also observed in Kc and Sg4 cells (Misulovin et al., 2008).
B, dm/myc transcripts are reduced approximately 4-fold in response to depletion of either Rad21 or Nipped-B. C–G, expression of selected cohesin-responsive genes that do not bind
cohesin and are also Dm/Myc targets is reduced to the same degree as dm/myc transcripts in response to depletion of Rad21 or Nipped-B (see A). For each graph, the Y axis indicates
the transcript levels in the control, Rad21 RNAi and Nipped-B RNAi samples as measured using the Affymetrix Drosophila GeneChip 2.0 microarrays. The values shown are the
average of the control, Rad21 RNAi and Nipped-B RNAi samples after 3, 4 and 6 days post RNAi treatment; error bars are standard errors. The individual values for each sample are in
Table S2.

expression, while loss of Rad21 dramatically reduced expression.
However, CTCF depletion did inﬂuence the transcription of a subset of
other genes regulated by cohesin (e.g. mdm2, p53, ascl1a/1b, aqp), in
the same direction as cohesin. Furthermore, the aqp1 and mdm2 genes
responded incrementally to ctcf morpholino dose (Fig. S2C) while
myca levels remained unchanged. Unexpectedly, Rad21 binding to the
−1.27 CTCF binding site and the TSS persisted in CTCF-depleted
embryos (Fig. 6). While it is possible that depletion of CTCF in these
embryos was not complete enough to inﬂuence cohesin binding, these
data raise the possibility that cohesin can bind the zebraﬁsh myca
gene independently of CTCF. Indeed, there was a statistically
signiﬁcant increase in cohesin binding (p = 0.01) at the −1.27 site
upon CTCF depletion (Fig. 6D), arguing against the idea that CTCF is
essential for cohesin binding to this site. Furthermore, depletion of
CTCF in HCT116 cells did not eliminate cohesin binding at the MINE
and P2 of c-MYC (JMR and JAH, unpublished data).
The combined data from human, mouse, Drosophila and zebraﬁsh
indicate that the functions of cohesin and CTCF in transcriptional
regulation of c-Myc may be separable. Since the MINE appears to be

dispensable for regulation of c-Myc transcription (Gombert and
Krumm, 2009), we propose that cohesin regulates myca expression
independently of CTCF through the TSS/P2 promoter binding site. A
recent study showed that cohesin binds speciﬁc sites in the human
genome independently of CTCF (Schmidt et al., 2010), in combination
with tissue-speciﬁc transcription factors. Since multiple transcriptional regulators bind c-Myc in a context-dependent manner, it is
possible that cohesin binding depends on the spatiotemporal
availability of other DNA binding factors in addition to CTCF.
Reﬁning the mechanism of Myc regulation by cohesin
Chromatin structure of the zebraﬁsh myca region compared with
that of human c-MYC is suggestive of c-Myc regulatory elements that
are conserved through evolution, and are thus likely to be important
for c-Myc regulation. A boundary dividing condensed from hyperacetylated chromatin coincides with the MINE ∼2 kb upstream of
human c-MYC (Gombert et al., 2003). In contrast, proﬁling of H3K9Ac
across the myca locus revealed that this boundary does not appear to
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be conserved in zebraﬁsh. However, enrichment of H3K9Me3∼ 10 kb
upstream of myca coincident with a cohesin binding site suggests that
a boundary may exist at this location (Fig. S5). The absence of a
chromatin boundary at the zebraﬁsh MINE-equivalent cohesin
binding site raises the possibility that MINE function can be separated
from chromatin barrier positioning.
In some cases, CTCF and cohesin may function as a ‘barrier
insulator’ by blocking the spread of silencing chromatin structures
(Wendt and Peters, 2009). However, although we observed speciﬁc
changes in histone modiﬁcation in rad21 mutants compared with wild
type, these were strongly localized to the TSS and the start of the myca
gene itself. Therefore, downregulation of myca in rad21 mutants is
unlikely to be due to spreading of silenced chromatin from an
upstream region.
In rad21 mutants, we found an enrichment of histone marks
localized to the myca TSS that reﬂect a state of transcription
repression. The H3K27Me3 histone modiﬁcation is a mark of PcG
repression, and is highly enriched at the myca locus in wild type
embryos (Fig. S6), indicating that H3K27Me3 normally plays a role in
switching off myca. Signiﬁcantly, the enrichment of this histone mark
is doubled at the myca TSS in rad21 mutants. However, there was no
difference in the repressive histone modiﬁcation H3K9Me3 between
rad21 mutants and wild type. The H3K4Me3 histone mark denotes
gene activation and was unchanged in rad21 mutants compared with
wild type, however, there was a 2-fold depletion of H3K9Ac (also a
signature of active transcription). Therefore, loss of cohesin results in
very speciﬁc and localized changes in histone modiﬁcation at the
myca TSS that are consistent with repression of its transcription. How
cohesin depletion causes changes in histone modiﬁcation remains to
be determined.
Perhaps cohesin regulates c-Myc transcription by mediating longrange enhancer–promoter interactions (Hadjur et al., 2009; Wendt
and Peters, 2009). Investigation of cancer-associated SNPs in the 8q24
gene desert (near c-MYC) found that several of these are located in
transcriptional enhancers (Jia et al., 2009). One such SNP, strongly
linked with prostate and colorectal cancers, is within an enhancer that
physically interacts with the c-MYC promoter ∼ 335 kb downstream
(Pomerantz et al., 2009; Tuupanen et al., 2009). Moreover, mutations
in cohesin subunits have been linked to colorectal cancer (Barber
et al., 2008). It is possible that cohesin brings the c-MYC promoter into
proximity with distant enhancers, such as those recently found in the
8q24 gene desert. Further studies will be needed to deﬁne the exact
mechanism by which cohesin regulates c-MYC and other cancerrelated genes.
Conclusion
Whatever the mechanism of cohesin regulation of c-Myc transcription, it is remarkable that this regulation is highly evolutionarily
conserved, from ﬂies to human. It is tempting to speculate that
conserved cohesin-dependent regulation of c-Myc expression may
provide a mechanism for the coordination of cell division, where
cohesin has a key function, with cell growth controlled by Myc. This in
turn could inﬂuence cell fate decisions that underlie development.
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Abstract
Cohesin is a multisubunit protein complex that plays an integral role in sister chromatid cohesion, DNA repair,
and meiosis. Of signiﬁcance, both over- and underexpression of cohesin are associated with cancer. It is generally
believed that cohesin dysregulation contributes to cancer by leading to aneuploidy or chromosome instability. For
cancers with loss of cohesin function, this idea seems plausible. However, overexpression of cohesin in cancer
appears to be more signiﬁcant for prognosis than its loss. Increased levels of cohesin subunits correlate with poor
prognosis and resistance to drug, hormone, and radiation therapies. However, if there is sufﬁcient cohesin for sister
chromatid cohesion, overexpression of cohesin subunits should not obligatorily lead to aneuploidy. This raises the
possibility that excess cohesin promotes cancer by alternative mechanisms. Over the last decade, it has emerged that
cohesin regulates gene transcription. Recent studies have shown that gene regulation by cohesin contributes to stem
cell pluripotency and cell differentiation. Of importance, cohesin positively regulates the transcription of genes
known to be dysregulated in cancer, such as Runx1, Runx3, and Myc. Furthermore, cohesin binds with estrogen
receptor a throughout the genome in breast cancer cells, suggesting that it may be involved in the transcription of
estrogen-responsive genes. Here, we will review evidence supporting the idea that the gene regulation function of
cohesin represents a previously unrecognized mechanism for the development of cancer. Mol Cancer Res; 1–21.
2011 AACR.

Introduction
Cohesin is a multisubunit complex that serves essential
functions in chromosome biology, including mediating
sister chromatid cohesion in meiosis and mitosis, and DNA
double-strand break repair. Its importance in these roles
indicates that disruption of normal cohesin function could
contribute to aneuploidy and genome instability, features
that are frequently associated with cancer (1, 2). Indeed,
mutations in cohesin subunits, as well as cohesin over- and
underexpression, have been associated with tumorigenesis
(reviewed in refs. 3 and 4). However, in addition to its roles
in the cell cycle and DNA repair, cohesin has a crucial
function in transcriptional regulation. Control of transcription by cohesin is independent of the cell cycle and is thought
to be key to the pathology of developmental syndromes (i.e.,
cohesinopathies) that result from insufﬁciency of proteins in
the chromosome cohesion pathway. Over the past year, it has
emerged that cohesin regulates genes that are crucial for cell
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proliferation and maintenance of pluripotency. This raises
the possibility that the gene regulation function of cohesin
could be just as central to neoplasia as are its cell-cycle and
DNA repair roles. In this review, we highlight the potential
for cohesin to contribute to cancer via its transcriptional role.
In particular, we discuss cohesin's ability to positively regulate oncogenes and genes that maintain pluripotency, as
well as its participation in hormone-dependent pathways
underlying cancer.
Cohesin: A Protein Complex That Is Crucial for
Cell Division and DNA Repair
Cohesin is best known for its essential role in holding
together sister chromatids from DNA replication in S-phase
until chromosome separation occurs in anaphase (5, 6). The
cohesin complex consists of 4 main protein subunits: structural maintenance of chromosomes (SMC) subunits Smc1
and Smc3, and 2 non-SMC subunits, Mcd1/Scc1/Rad21
and Scc3/Stromalin (SA; see Table 1 for cohesin subunit
nomenclature). These proteins form a large ring-like structure, large enough to encircle DNA (5). In the leading model
for sister chromatid cohesion, cohesin topologically entraps
sister chromatids (7); however, alternative models have been
proposed to explain how cohesin physically holds 2 molecules of DNA together (8, 9).
Several other proteins regulate the loading and unloading
of cohesin onto DNA, its DNA binding stability, and its
turnover and recycling (Table 1; reviewed in ref. 10).
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Table 1. Nomenclature and function of cohesin subunits
Generic name

Saccharomyces Schizosaccharomyces Drosophila
Homo sapiens
cerevisiae
pombe
melanogaster

Function

Smc1
Smc1b
Smc3

SMC1

psm1

SMC3

psm3

Core cohesin subunit
Cohesin subunit (meiosis)
Core cohesin subunit

Rad21
Rec8
SA-1
SA-2
SA-3
Nipbl
Scc4 (or MAU-2,
Caenorhabditis
elegans)
Esco1/2

MCD1/SCC1
REC8
IRR1
SCC3
SCC2
SCC4

rad21
rec8
psc3
psc3
rec11
mis4
ssl3

SMC1A
SMC1B
Cap
SMC3/CSPG6/
Bamacan
Rad21
RAD21
c(2)M
REC8
SA
STAG1
SA2/Stromalin STAG2/Stromalin
—
STAG3
Nipped-B
NIPBL
SCC4

ECO1/CTF7

eso1

deco

ESCO1/2

PDS5

pds5

pds5

RAD61/WPL1

wapl

wapl

PDS5a
PDS5b/APRIN/AS3 Cohesin dissociation
WAPAL
Cohesin dissociation

Pds5A
Pds5B
Wapl

Loading of cohesin onto chromosomes takes place in telophase in most organisms and is facilitated by a protein
complex containing Scc2 (Nipped-B in Drosophila and
NIPBL in human) and Scc4/MAU-2. Once loaded, cohesin
exhibits highly variable residence times on chromosomes,
indicating that it binds DNA with different modes of
stability (11, 12). It is thought that the more stably bound
fraction of cohesin has functions in addition to chromosome
cohesion, including regulation of gene expression (11).
During S-phase, stably bound cohesin becomes cohesive by
interaction with the DNA replication machinery (13–15), in
association with the acetyltransferase Ctf7/Eco1 (yeast), or
Esco1/2 (vertebrates; refs. 15–17). Esco1/2 acetylates cohesin
subunit Smc3 to generate the cohesive form of cohesin that is
necessary to hold together the sister chromatids through G2–
M-phase (18–20). However, in humans, it appears that
ESCO2 is primarily required for cohesion in heterochromatic
regions, and patients with Roberts syndrome who lack
ESCO2 exhibit heterochromatin repulsion without chromosome segregation defects (21). In human cells (but not yeast),
the sororin protein is additionally required to establish and
maintain cohesion (22, 23).
After DNA replication is complete and before mitosis
occurs, most cohesin is removed from chromosome arms by
the prophase pathway. This process involves phosphorylation of cohesin subunit SA2 by Polo-like kinase (Plk) and
Aurora B (24, 25) and interaction of a cohesion disestablishment complex containing Pds5 and Wapl with SA to
unlock the cohesin ring (26–28). In the competing establishment activity, sororin and Esco2 function to antagonize
the activity of the Pds5/Wapl complex (29–32), and the
phosphatase Ssu72 appears to promote cohesion by coun-
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SMC1

Core cohesin subunit
Cohesin subunit (meiosis)
Cohesin subunit
Cohesin subunit
Cohesin subunit (meiosis)
Cohesin loading
Cohesin loading

Acetyltransferases,
establishment of cohesion

tering the phosphorylation of SA2 (24, 33). During chromosome condensation, the prophase pathway prevails, and
by metaphase, most cohesin has been removed from chromosome arms. The remaining, primarily centromeric cohesin, protected from removal by Shugoshin (34), is all that
remains to hold the sisters together. Shugoshin binds to
protein phosphatase 2A (PP2A), and this interaction is
necessary for location of Shugoshin to centromeres in yeast
and human cells (35, 36). Because depletion of Plk restores
localization of Shugoshin to centromeres in PP2A-depleted
cells (35), it is likely that the Shugoshin-PP2A complex
protects sister chromatid cohesin by countering phosphorylation of cohesin by Plk.
At anaphase, APC-mediated degradation of a protein
called securin (37) releases the protease separase, which
becomes available to cleave the Rad21 subunit of cohesin
(38–40). The remaining cohesin rings are opened, allowing
chromosomes to separate (41). At the next cell cycle, the
Smc3 subunit of cohesin can be recycled onto chromosomes,
but deacetylation of Smc3 by class I histone deacetylase
(HDAC) Hos1 (yeast) is required before this can happen
(42–44). Figure 1 provides a simpliﬁed overview of cohesin
function in the cell cycle.
Sister chromatid cohesion is necessary for homologous
recombination-mediated DNA double-strand break repair
in yeast and vertebrate cells (reviewed in ref. 45). For doublestrand breaks to be effectively repaired, the cohesive form of
cohesin must be established at the location of the break (46).
Stabilization of cohesin at double-strand breaks depends on
acetylation of the Rad21 subunit by Esco2, plus antagonism
of the disassociation complex containing Wapl (47). Cohesin is recruited de novo at double-strand breaks in G2-phase
Molecular Cancer Research
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Figure 1. Cohesin's function in the
cell cycle. Cohesin is loaded onto
chromosomes before S-phase and
holds sister chromatids together
throughout G2-phase until their
separation at M-phase.
Phosphorylation (P), acetylation
(Ac), and the interaction of cohesin
with numerous other proteins
regulate the binding and
dissociation of cohesin with
chromatin throughout the cell cycle.
See text for details.

(48), and in vertebrates, this association also involves another
SMC complex, Smc5/6 (49, 50). Other molecular events
contribute to cohesin function in double-strand break repair.
In budding yeast, it was shown that the phosphorylation of
Mcd1 (Rad21) through the ATR and Chk1 pathway is
important for cohesion and double-strand break repair (51).
In human cells, cohesive cohesin at double-strand breaks also
depends on the pro-establishment activity of Sororin (23).
Mutations in sister chromatid cohesion proteins lead to
chromosome segregation defects and impaired repair of
DNA double-strand breaks. Chromosome instability (CIN)
can result from the mis-segregation of chromosomes or
defective repair of DNA double-strand breaks. The consequences of CIN are chromosomal rearrangements and
aneuploidy, which can lead to loss of heterozygosity at
tumor suppressor genes, causing neoplasia. Although many
tumors are aneuploid, debate remains as to whether CIN
drives the formation of tumors or is a consequence of their
rapid proliferation (reviewed in ref. 1). Mathematical models
have shown that it is theoretically possible for CIN to arise
before other cancer-causing mutations and to form the initial
driving cancer mutation (2, 52). In support of a driver
hypothesis, more than 20% of colorectal cancers have
mutations in the chromosome cohesion pathway (53).
Somatic mutations in SMC1, SMC3, STAG3, and NIPBL
were found in colorectal tumors at a statistically higher rate
than in normal cells (53). However, for cells carrying
chromosome cohesion defects to be viable, the spindle
assembly checkpoint (SAC) would somehow need to be
bypassed. The function of the SAC is to sense correct
bipolar attachment of spindle ﬁbers to kinetochores,
together with the presence of tension across the kinetochores (54). Normally, sister chromatid cohesion defects
lead to SAC activation and subsequent apoptosis; thus,
additional mutations compromising SAC function are
likely to be necessary if such cells are to survive and
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proliferate. Arguing against the idea that aneuploidy is
an initial driver of tumorigenesis, studies in several organisms have shown that aneuploidy on its own has multiple
harmful effects on growth and development (reviewed in
ref. 55). In yeast (56) and mammalian cells (57), artiﬁcial
generation of aneuploidy for single chromosomes was
detrimental to cell proliferation and placed additional
metabolic stress on cells. The disadvantages of aneuploidy
are manifest in human tumor cells and may provide an
opportunity for tumor therapy (58). In particular types of
cancer, cohesin proteins are overexpressed rather than
underexpressed or mutated (Table 2), making it more
difﬁcult to explain mechanistically how CIN and aneuploidy could result. It is possible that overexpression of a
particular cohesin subunit could lead to sequestration of
other subunits and decrease the amount of cohesin available for sister chromatid cohesion. However, because only
a small proportion of cohesin actually represents the
cohesive pool (12), stoichiometry would have to be
severely disrupted before effects on sister chromatid cohesion became apparent.
Cohesin Regulates Tissue-Speciﬁc Gene
Transcription
Over the last decade, a new role for cohesin in the
regulation of gene expression has emerged. The ﬁrst evidence
for this role came from a forward genetic screen in Drosophila
that identiﬁed the Scc2 ortholog Nipped-B as a modulator of
enhancer–promoter interactions at the cut and Ubx genes
(59). Depletion of cohesin subunits also affected expression
of the cut gene but in the opposite direction from Nipped-B
(60, 61). The best explanation so far for these divergent
effects are that small changes in the dose of cohesin and
Nipped-B can have variable or biphasic effects on gene
expression, leading to opposite effects on transcription
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Table 2. Evidence for cohesin's involvement in cancer

Cancer

Cohesin subunit involved
(context of study)

Breast
cancer

* RAD21 mRNA expression
(cell lines)

Breast
cancer

* RAD21 mRNA expression
(primary tumors)

Breast
cancer

* RAD21 mRNA expression
(primary tumors)

Breast
cancer

* RAD21 mRNA expression in
response to BRCA1
overexpression (cell lines)

Breast
cancer

* RAD21 protein and mRNA
expression and RAD21
gene ampliﬁcation
(primary tumors)

Description of study

Reference

Quantitative gene expression analysis revealed that
RAD21 mRNA expression is lower in normal and
immortalized breast cancer cell lines compared
with 9/11 tumorigenic breast cancer lines.
siRNA knockdown of RAD21 effectively inhibited
proliferation of MCF-7 and T-47D cell lines.
RAD21 knockdown in MCF-7 cell line renders
cells more sensitive to the DNA-damaging
chemotherapeutic agents etoposide and bleomycin.
cDNA microarray analysis of primary breast tumors
from patients without tumor cells in local lymph
nodes at diagnosis (lymph node–negative) identiﬁed
a gene expression signature strongly predictive of
a short interval to distant metastases (poor-prognosis
signature). RAD21 was found to be signiﬁcantly
upregulated in the poor-prognosis signature.
cDNA microarrays were proﬁled to identify functional
pathways that determine the outcome of breast
cancer patients with supraclavicular lymph node
metastases.
Thirty-one breast cancer patients with supraclavicular
lymph node metastasis without distant metastases
were divided into poor, intermediate, or
good-prognosis groups.
Wnt signaling and mitochondrial apoptosis pathways
emerged, with 6 genes (DVL1, VDAC2, BIRC5,
Stathmin1, PARP1, and RAD21) found to be
overexpressed in the poor-prognosis group
compared with the good-prognosis group.
Suppression subtractive hybridization was used to
compare the expression proﬁles of control MCF7
cells with MCF7 cells ectopically expressing
BRCA1, to identify genes whose expression
is regulated by BRCA1.
RAD21 is upregulated following overexpression
of BRCA1.
Immunohistochemistry was used to evaluate
RAD21 expression in a cohort of in situ and
invasive breast cancers.
RAD21 levels were signiﬁcantly lower in invasive
cancers compared with in situ cancers. Levels
of RAD21 correlated with larger tumor size and
lymph node involvement but not with tumor grade,
HER2 status, or ER status. Positive RAD21 protein
expression was seen in 37% luminal, 24% basal,
22% HER2, and 18% null cancers, and signiﬁcantly
correlated with shorter relapse-free survival. RAD21
expression correlated with relapse in grade 3 but not
in grade 1 or 2 tumors. Further analysis of grade
3 tumors according to subtype showed a signiﬁcant
correlation between RAD21 expression and shorter
relapse-free survival in the luminal, basal, and
HER2 cancers but not the null-type cancers.
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Table 2. Evidence for cohesin's involvement in cancer (Cont'd )
Cancer

Cohesin subunit involved
(context of study)

Prostate
cancer

* RAD21 mRNA expression
and RAD21 gene ampliﬁcation
(cell lines and primary tumors)

Oral squamous
cell carcinoma

+ RAD21 expression in invasive
growth pattern vs expansive
growth pattern
(primary tumors)

Description of study

Reference

In patients not treated with chemotherapy, there was
no correlation between RAD21 expression and
overall survival, whereas in patients treated with
chemotherapy, there was a signiﬁcantly shorter
overall survival in patients whose tumors were
RAD21-positive.
Array comparative genomic hybridization and
transcription data from 48 grade 3 invasive ductal
carcinomas of luminal, basal-like, and HER2
subtypes were integrated to examine the
association of RAD21 mRNA expression with
RAD21 copy number.
RAD21 mRNA expression correlated with gene copy
number in luminal, basal, and HER2 tumors,
suggesting that the positive RAD21 expression
observed in a subset of grade 3 tumors may be
due to gene ampliﬁcation.
shRNA-mediated gene silencing of RAD21 in the
MDA-MB-231 basal-like breast cancer cell line
rendered the cells more sensitive to the
chemotherapy drugs cyclophosphamide and
5-ﬂuorouracil in a manner that directly correlated
with the level of RAD21 expression.
Sought to identify genes that are overexpressed,
especially from gene ampliﬁcation, in prostate
cancer.
Quantitative RT-PCR revealed that RAD21 expression
was increased in the PC-3 prostate cancer cell line.
In tumors, RAD21 was 1 of 7 genes that were
overexpressed, mainly in samples found to
contain ampliﬁcation in the chromosomal regions
harboring the genes. Expression of these 7 genes
was examined by quantitative RT-PCR in cases
of benign prostate hyperplasia, untreated prostate
carcinoma, and hormone-refractory prostate
carcinoma. RAD21 expression was signiﬁcantly
higher in carcinomas than in benign prostate
hyperplasia.
FISH results showed that RAD21 was ampliﬁed
in PC-3 cells. Furthermore, in a screen of
10 xenografts and 12 hormone-refractory
prostate carcinomas, RAD21 showed high-level
ampliﬁcation in 32% of samples.
Investigated the relevance of RAD21 in invasion
and metastases of squamous cell carcinoma.
Laser microdissection and quantitative PCR revealed
that RAD21 expression was signiﬁcantly decreased
in areas of INF-g invasion (associated with poorer
prognosis) compared with areas that showed
INF-a invasion.
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Table 2. Evidence for cohesin's involvement in cancer (Cont'd )
Cancer

Cohesin subunit involved
(context of study)

Colorectal
cancer

Mutations in several subunits
(primary tumors)

Colon
carcinoma

* SMC3 mRNA (cell lines and
primary tumors)

Myeloid
leukemia

RAD21 and STAG2 gene
deletions (leukemia cells)

Description of study

Reference

Systematically identiﬁed somatic mutations in
potential CIN genes in colorectal cancers by
determining the sequence of 102 human homologs
of 96 yeast CIN genes known to function in various
aspects of chromosome transmission ﬁdelity.
In a panel of 132 colorectal cancers, 11 somatic
mutations, distributed among 5 genes, were
identiﬁed. Ten of these mutations were found in
the genes encoding the cohesin subunits SMC1L1,
NIPBL, CSPG6, and STAG3.
RNAi was used to reduce SMC1L1 and CSPG6 protein
levels, and resulted in CIN and chromatid cohesion
defects in human cells.
SMC3 expression was increased in mouse colorectal
carcinoma cells compared with a primary colon
cell line. Similarly, SMC3 expression was increased
in colon carcinoma tissue compared with normal
colon tissue, and 5 independent human colon
carcinoma cell lines displayed the same degree
of SMC3 overexpression as the colon carcinoma
sample.
70% of human colon carcinoma tissue samples
(n ¼ 19) displayed a signiﬁcant increase in SMC3
mRNA levels compared with matched normal
colon tissue samples.
To identify potential new genes involved in myeloid
diseases, array comparative genomic hybridization
was performed on 167 samples, including
myelodysplastic syndrome, chronic myelomonocytic
leukemia, and acute myeloid leukemia.
In a case of chronic myelomonocytic leukemia
diagnosed in 2007, a small heterozygous deletion
at 8q24 was revealed. This region includes the
RAD21 gene. This chronic myelomonocytic
leukemia transformed to M5 FAB acute myeloid
leukemia in 2008, and array comparative genomic
hybridization again revealed the RAD21 loss
but no other additional alteration. The patient
died 6 months after transformation.
In a case of M6 FAB acute myeloid leukemia diagnosed
in 2005, a small deletion centered on the STAG2
gene was identiﬁed. The patient died in 2007,
5 months after relapse.
In both cases, the karyotype did not show any
abnormality, and no other array comparative
genomic hybridization alterations were noticed.

53

according to the severity of consequences for dose reduction
(the consequences of halving the gene dose is more severe for
Nipped-B than for cohesin subunits; refs. 62 and 63).
Evidence that cohesin also has a gene regulatory role in
vertebrates initially came from work showing that expression
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of the runx1 and runx3 genes was abolished in a tissuespeciﬁc manner in early zebraﬁsh embryos mutant for
cohesin subunit rad21 (64).
Shortly after the ﬁndings in Drosophila emerged, mutations in genes encoding the NIPBL (human Scc2 ortholog),
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SMC1A, and SMC3 cohesin proteins were found to cause
Cornelia de Lange syndrome (CdLS), a developmental
disorder characterized by mental retardation, upper-limb
abnormalities, growth delay, and facial dysmorphisms (65–
68). Of interest, affected individuals were shown to have
altered gene expression and developmental effects without
overt defects in chromosome segregation, suggesting that the
pathology of CdLS is independent of cohesin's role in sister
chromatid cohesion (69). Animal models of CdLS also
support the idea that the pathology is due to altered expression of numerous developmental genes (70, 71). An emergent, diverse spectrum of human developmental disorders
resulting from mutations in various proteins responsible for
sister chromatid cohesion led to coining of the term "cohesinopathies" to refer to such disorders (72).
The strongest support for a cell-cycle–independent role
for cohesin in gene regulation arose from studies that
examined cohesin expression and function in postmitotic
tissues, where cells no longer require cohesin for proliferation. Cohesin can be expressed in postmitotic cells in a tissuespeciﬁc manner; for example, cohesin genes are expressed in
nonproliferating cells in the developing zebraﬁsh brain (73).
In Drosophila, a function for cohesin was identiﬁed in the
pruning of postmitotic neurons. An insertional mutagenesis
screen identiﬁed the cohesin subunit Smc1 as being essential
for pruning g neurons in mushroom bodies (74). In an
elegant strategy for cohesin ablation, the placement of a
TEV-cleavage site into cohesin subunit Rad21 enabled
artiﬁcial cleavage of cohesin to remove its function in
postmitotic neurons of the Drosophila mushroom body.
TEV-mediated cohesin cleavage abolished the developmentally controlled pruning of both axons and dendrites of g
neurons (75). Ablation of cohesin function in Drosophila
salivary glands by the same technique conﬁrmed that cohesin
directly regulates the expression of a distinct set of genes,
including the ecdysone receptor (EcR) and other genes that
mediate the ecdysone response (76). The responsiveness of
gene expression to cohesin depletion was sufﬁciently rapid to
suggest that cohesin acts directly on genes to control their
transcription.
Mechanisms of Gene Regulation by Cohesin
The notion that cohesin is a regulator of gene expression in
metazoans is supported by evidence that cohesin and NIPBL
bind to transcriptionally active regions of the genome in
Drosophila (77) and mammals (78, 79). Genome-wide
analyses of cohesin binding were among the ﬁrst to shed
light on potential mechanisms for cohesin-dependent transcription. In 2008, several studies revealed that much of
cohesin colocalizes genome-wide with the CCCTC-binding
factor (CTCF) insulator protein (78–81). CTCF has been
well studied, and a recent comprehensive analysis of its role
in three-dimensional chromatin organization showed that it
is an integral organizer of chromosome conformation in the
nucleus (82). A whole-genome investigation of CTCFmediated interactions in the nucleus of mouse embryonic
stem cells identiﬁed chromatin loops anchored by CTCF
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that demarcate distinct chromatin domains (82). The ability
of CTCF to mediate the formation of chromatin loops may
in some cases depend on cohesin action. For example,
chromosome conformation capture revealed that cohesin is
necessary for CTCF-dependent chromatin conformation at
the imprinted H19-IGF2 locus (83). Consistent with cohesin-dependent chromatin conformation having a regulatory
role, depletion of the Rad21 subunit of cohesin caused
increased levels of IGF2 mRNA (83). Potentially in association with CTCF, cohesin has also been found to mediate
chromatin looping at a number of other genes, including the
interferon g locus (84), the locus control region of the
b-globin gene (85, 86), and the HoxA locus (87) in mice.
At the b-globin locus, cohesin or Nipbl depletion interfered
with transcriptional activation of globin genes and abrogated
the formation of chromatin loops (85). These ﬁndings lend
support to the increasingly popular theory that cohesin
regulates gene expression by mediating long-range chromosome interactions.
Several recent studies suggest that cohesin need not always
cooperate with CTCF to regulate chromatin interactions. It
appears that cohesin localizes on chromosomes with a variety
of transcriptional regulators in a tissue-speciﬁc manner. In
MCF7 breast cancer cells, cohesin binding coincides with
estrogen receptor a (ER), whereas in liver cells, binding of
cohesin coincides with that of HNF4A (88). Furthermore,
several genomic sites bound by both cohesin and ER in
MCF7 cells were associated with ER-anchored chromatin
loops (88, 89). Therefore, it is possible that cohesin is
functionally involved in the formation of ER-anchored loops
in a tissue-speciﬁc manner. Stage-speciﬁc recruitment of
cohesin to immunoglobulin and b-globin loci in mice adds
credence to the idea that cohesin is involved in forming
tissue- and developmental-stage–speciﬁc chromatin structures (86, 90). Of signiﬁcance, in mouse embryonic stem
cells, cohesin and the Mediator complex have been shown to
mediate long-range interactions between distal enhancers
and the pluripotency genes Oct4 and Nanog (91). In all of
these cases, there is evidence that the contribution of cohesin
to chromatin structure has diverse functional consequences
ranging from the concatenation of immunoglobulin loci
(90) to gene transcription (91).
Regulation of local chromatin structure is another potential mechanism by which cohesin might contribute to
transcriptional control. Polycomb group (PcG) and trithorax
group (TrxG) protein complexes maintain chromatin in
silent and activated states, respectively, through modiﬁcation of histone tails. Cohesin function has been implicated in
both PcG and TrxG activity. A Drosophila rad21 mutant
called verthandi behaves like a TrxG mutation in that it can
suppress PcG mutations in some tissues (92). Cohesin
binding to Drosophila chromosomes is predominantly
excluded from regions enriched in trimethylated lysine 27
on histone H3 (H3K27Me3), a signature of PcG repression
(93). Of interest, some genes that respond the most to
changes in cohesin or Nipped-B dose are enriched in both
H3K27Me3 and cohesin (62), raising the possibility that
PcG proteins sometimes cooperate with cohesin to regulate
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transcription. In support of this idea, an inducible biotinylation-tagging approach used to purify PcG-associated factors
from Drosophila embryos identiﬁed an association of PcG
protein complexes with cohesin (94). Furthermore, Polycomb-dependent silencing of a transgenic reporter was
shown to depend on cohesin function (94).
Thus, it is possible that cohesin contributes to gene
regulation by modifying chromatin at both local and global
levels.
Altered Cohesin Expression Is Associated with
Distinct Cancer Phenotypes
Of signiﬁcance, both over- and underexpression of cohesin are associated with cancer. The expression of cohesin is
dysregulated in a number of cancers, including breast,
prostate, and oral squamous cell carcinoma, and alterations
in genes encoding cohesin proteins are found in colorectal
cancer and myeloid malignancies (Table 2).
The level of the RAD21 subunit of cohesin is frequently
elevated in cancer (Table 2). RAD21 overexpression in breast
cancer is associated with more aggressive cancers and results
in a poorer prognosis for the patient (95–97). For example,
RAD21 was identiﬁed as part of a gene expression signature
that conferred a short interval to distant metastases in
breast cancer patients, with RAD21 found to be signiﬁcantly
upregulated in the poorer prognosis group (95). Similarly,
RAD21 overexpression was associated with a poor prognosis
in breast cancer patients with supraclavicular lymph node
metastases (96).
There is some evidence to indicate that raised levels of
cohesin may be associated with tumor proliferation, at the
expense of tumor metastasis (97, 98). In breast cancer,
RAD21 expression was shown to be signiﬁcantly lower in
invasive tumors compared with their in situ counterparts
(97). Although RAD21 overexpression did correlate with
larger tumor size, perhaps indicative of increased proliferation, there was no correlation with tumor grade. However,
raised RAD21 expression signiﬁcantly correlated with
shorter relapse-free survival in grade 3 tumors compared
with grade 1 and 2 tumors (97). Grade 3 tumors are
characterized by a high proliferative index, and it is possible
that RAD21 contributes to the proliferative potential of the
cancer. Conversely, Yamamoto and colleagues (98) showed
that in oral squamous cell carcinoma, RAD21 expression was
downregulated in tumors that displayed an invasive growth
pattern compared with tumors that grew more expansively,
consistent with a proliferative role for cohesin in tumor
progression. Of interest, the authors speculated that hypoxic
conditions, which are known to downregulate RAD21 in
many human tumor cells, may lead to an invasive potential
(98). These observations raise the possibility that changes in
RAD21 expression are associated with switching between
tumor invasiveness and tumor proliferation.
A variety of studies have provided strong evidence that
cohesin has an important role in cancer (Table 2). Cohesin
dysregulation can lead to aneuploidy, which is usually
assumed to be the pathological driver in cancers with cohesin
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mutations. However, the potential effects on transcription
resulting from altered cohesin function should also be
considered. It is interesting to note that the cancers in which
cohesin involvement is associated with a worse prognosis are
those in which cohesin is overexpressed. There is likely to be
ample cohesin available for intact mitosis in such cancers,
and therefore, alternative cause-and-effect relationships
between cohesin and cancer could be in play.
Individuals with CdLS have reduced cohesin function and
thus may be informative regarding a role for cohesin in
cancer. There is little conclusive evidence that CdLS patients
have overt defects in sister chromatid cohesion, even though
these individuals are compromised for cohesin loading or
function (99). Anecdotally, cancer is, if anything, underrepresented in CdLS cohorts. A higher than normal incidence of Barrett's esophagus leading to carcinoma is likely to
be linked to the prevalent gastrointestinal reﬂux found in
individuals with CdLS (100). It is interesting to speculate
that the prominent cohesin insufﬁciency in CdLS patients
could actually protect against cancer, perhaps because cancer
genes that are positively regulated by cohesin are downregulated. For example, expression of the c-MYC oncogene is
downregulated in cells from CdLS patients (ref. 101 and see
below).
The overexpression of cohesin in many cancers raises the
possibility that cohesin contributes to cancer via transcriptional regulation. Below, we describe 2 means by which
cohesin-mediated gene transcription could contribute to
cancer, namely, regulation of oncogenes and genes that
maintain pluripotency, and cohesin's participation in hormone-dependent pathways underlying cancer.
Links between the Expression of Pluripotency
Factors and Cancer
Embryonic development relies on pluripotent stem cells
that derive from the inner cell mass of the early stage
blastocyst and have the unique ability to self-renew and
differentiate into all of the cell lineages present in the
embryo and adult. This cellular paradigm of embryonic
development is the basis of the cancer stem-cell model of
carcinogenesis that is currently at the forefront of the
ongoing debate surrounding the initiation and progression
of cancer (102). The cancer stem-cell model suggests that
cancer propagation is usually driven by subpopulations of
cancer cells with stem-cell properties, including selfrenewal and multilineage differentiation (103). Cancer
stem cells are predicted to give rise to a heterogeneous
population of tumor cells comprising more cancer stem
cells, progenitor cells with limited proliferative potential,
and aberrantly differentiated cells with no proliferative
potential (103). If this model is correct, understanding
normal stem-cell self-renewal and differentiation is fundamental to understanding cancer.
The cancer stem-cell model of carcinogenesis posits that
tumor cells hijack properties of normal stem cells, including
the capacity for self-renewal. Therefore, it is not surprising
that the expression of pluripotency transcription factors is
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dysregulated in many cancers, including breast, prostate, and
colorectal cancers (Table 3). For example, OCT4, NANOG,
MYC, and SOX2 are important transcription factors that are
critical for the establishment and maintenance of pluripo-

tency and that show altered expression in cancer. Of interest,
expression of pluripotency transcription factors is frequently
upregulated in cancers that also have elevated cohesin levels.
Furthermore, overexpression of pluripotency transcription

Table 3. Evidence for pluripotency factor involvement in cancer

Cancer

Pluripotency factor
involved
(context of study)

Breast
cancer

* OCT4 and NANOG mRNA
expression (primary
tumors and cell lines)

Breast
cancer

* SOX2 protein levels
(primary tumors)

Breast
cancer

* NANOG, OCT4, SOX2
mRNA expression
(mammospheres)
* NANOG and SOX2 mRNA
expression (primary
tumors)

Description of study

Reference

Quantitative RT-PCR on a stage 3 breast carcinoma sample
showed increased NANOG and OCT4 expression compared
with nondetectable levels in normal breast tissue.
Immunohistochemistry revealed NANOG protein in breast
carcinoma sample but not in normal breast tissue.
The MCF7 breast carcinoma cell line was found to express
OCT4 and NANOG.
Immunohistochemistry was used to analyze SOX2 protein
levels in a cohort of 95 patients with sporadic,
postmenopausal, early breast cancer.
Four expression scores were deﬁned to distinguish SOX2negative and -positive samples (score 0 ¼ no SOX2-positive
cells; score 1 ¼ >0 and <10% SOX2-positive cells; score 2 ¼
10 and <50% SOX2-positive cells; score 3 ¼ 50% SOX2positive cells.
SOX2 was expressed in 24/86 invasive breast carcinoma
samples and 4/9 DCIS samples. Tumors expressing 50%
SOX2-positive cells were signiﬁcantly larger and
signiﬁcantly associated with lymph-node metastases.
FISH of selected samples revealed that increased SOX2
protein levels were not due to SOX2 gene ampliﬁcation,
suggesting that the aberrant gene expression is driven by
other mechanisms.
Investigated the effects of estrogen on the stem/progenitor cell
population in normal breast and breast cancer tissues.
NANOG, OCT4, and SOX2 expression was used to monitor
the differentiation status of breast stem cells in the presence
of either estrogen or tamoxifen. Expression levels of NANOG,
OCT4, and SOX2 were determined in freshly isolated
organoids from reduction mammoplasties, breast epithelial
cells derived from the organoids and grown as adherent cells
in the presence of serum, and mammospheres originating
from single breast epithelial cells.
Compared with freshly isolated organoids, NANOG, OCT4, and
SOX2 mRNA expression was lower in differentiated
(adherent) cells and signiﬁcantly higher in the
mammospheres. Estrogen treatment signiﬁcantly reduced
NANOG, OCT4, and SOX2 expression in mammospheres.
Furthermore, estrogen treatment reduced the percentage of
stem/progenitor cells in mammospheres, whereas
tamoxifen increased the percentage.
NANOG and SOX2 mRNA expression levels were determined
in breast tumor samples and compared with levels in normal
adjacent tissue. Increased expression of NANOG and SOX2
was seen in the breast tumor samples.
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Table 3. Evidence for pluripotency factor involvement in cancer (Cont'd )

Cancer

Pluripotency factor
involved
(context of study)

Breast
cancer

Possession of embryonic
stem cell expression
signature correlateswith
aggressive tumor behavior

Colorectal
cancer

* NANOG protein levels
(primary tumors)

Rectal
cancer

* CD133, OCT4, SOX2
mRNA expression
associated with distant
recurrences (primary
tumors)

Description of study

Reference

Gene set expression analysis methods were used to assess
whetherthe expression signatures and regulatory networks
that deﬁne human embryonic stem-cell identity are also
active in human tumors.
Thirteen partially overlapping gene sets were compiled that
represent the core expression signature of embryonic stem
cells and reﬂect the activity of the regulatory pathways
associated with their identity. These gene sets fall into 1 of 4
groups: embryonic stem-expressed genes; Nanog, Oct4,
and Sox2 (NOS) targets; Polycomb targets; and Myc targets.
Expression proﬁles from 6 published breast cancer studies,
comprising a total of 1,211 tumors, were collected and
analyzed.
Grade 3 tumors showed an enrichment pattern resembling that
observed in embryonic stem cells, including
underexpression of Polycomb target gene sets and
overexpression of embryonic stem cell–expressed sets,
Myc-target gene sets, and some of the NOS-target gene
sets.
ER-positive tumors showed an embryonic stem cell–like
enrichment pattern compared with ER-negative tumors.
Tumors of larger size at the time of diagnosis were more likely to
possess the embryonic stem-cell signature compared with
smaller tumors, even within a given grade.
Western blot was used to analyze NANOG levels in 175 fresh
colorectal cancer samples.
NANOG protein levels were higher in most of the colorectal
cancer samples compared with paired normal mucosal
tissue.
Immunohistochemistry was used to analyze NANOG
localization in parafﬁn-embedded colorectal cancer tissue.
NANOG was mainly localized to the cytoplasm of cancer cells.
Nuclear accumulation of NANOG was only observed in a
small fraction of cancer cells. NANOG expression positively
correlated with lymph node status and Dukes classiﬁcation
of patients. High NANOG expression correlated with a
shorter survival or recurrence free survival.
Colorectal cancer cells were studied for the effects of NANOG
overexpression on proliferation, invasion, and motility.
Overexpression resulted in increased proliferation, colony
formation, and invasive ability.
CD133, OCT4, and SOX2 levels were analyzed before and after
chemoradiotherapy to clarify the association between
expression of stem-cell markers and chemoradiotherapy
resistance in rectal cancer.
Thirty-three patients.
Quantitative RT-PCR on pre-chemoradiotherapy endoscopic
tumor samples revealed a positive correlation between
OCT4 and SOX2 but not between CD133 and OCT4 or
SOX2.
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Table 3. Evidence for pluripotency factor involvement in cancer (Cont'd )

Cancer

Pluripotency factor
involved
(context of study)

Prostate
cancer

* OCT4 and SOX2 protein
expression (primary
tumors)

Bladder
cancer

* OCT4 mRNA expression
(primary tumors)

www.aacrjournals.org

Description of study
Analysis of formalin-ﬁxed, parafﬁn-embedded, postchemoradiotherapy residual cancer samples showed
signiﬁcant positive correlations among CD133, OCT4, and
SOX2.
Patients who developed distant recurrences had signiﬁcantly
higher post-chemoradiotherapy levels of CD133, OCT4, and
SOX2 compared with patients without recurrences.
Of the 33 patients, 28 received a low dose of radiation and 5
received a high dose of radiation. Post-chemoradiotherapy
OCT4 levels were signiﬁcantly higher in the high-dose
radiation group compared with the low-dose radiation
group. CD133 and SOX2 levels were also higher, but this
difference did not reach statistical signiﬁcance.
Immunohistochemistry was used to conﬁrm protein expression
in residual cancer cells after chemoradiotherapy. CD133 was
observed diffusely in the cytoplasm of residual cancer cells
and at the apical/endoluminal surface of residual cancer cells
with the formation of lumina and ducts. OCT4 and SOX2
were observed diffusely in the cytoplasm of residual cancer
cells.
OCT4, SOX2, NANOG, c-MYC, and Klf4 mRNA levels were
increased in 28/55 prostate cancer samples. All possible
combinations of transcription factors showed that
signiﬁcance was achieved only between OCT4 and SOX2,
suggesting a possible functional link between OCT4 and
SOX2 in prostate cancer cases.
Immunohistochemistry was used to evaluate OCT4 and SOX2
levels in normal prostate, benign prostate hyperplasia, and
prostate cancer samples. Staining was categorized into 4
groups: (i) negative; (ii) low, <5%; (iii) intermediate, 5–25%;
and (iv) high, 26–50%. The numbers of OCT4- or SOX2expressing cells were signiﬁcantly lower in normal prostate
and benign prostate hyperplasia samples than in prostate
tumor tissues. In prostate tumor samples, an increasing
number of OCT4- and SOX2-expressing cells were evident
with increasing Gleason score.
Investigated OCT4 expression in bladder cancer.
Semiquantitative RT-PCR showed OCT4 expression in almost
all (96%) of the examined bladder cancer samples.
Expression was also detected in 23% of nontumor marginal
tissues from thesame patients and 33% of nontumor bladder
tissues obtained from patients with no obvious signs of
bladder cancer.
Densitometric evaluation of the semiquantitative RT-PCR
results revealed that the intensity of OCT4 expression was
signiﬁcantly higher in neoplastic tissues compared with
nonneoplastic samples.
Protein levels were also examined by immunohistochemistry.
OCT4 was primarily localized to the nuclei of tumor cells, with
no immunoreactivity in normal cells adjacent to the tumors.

Reference
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factors in cancer leads to similar outcomes as cohesin overexpression, namely, poorer prognosis (104–107) and resistance to therapy (108). In breast cancer, tumors expressing
>50% SOX2-positive cells were shown to be larger and
associated with lymph node metastases (104). A metaanalysis of gene expression proﬁles from grade 3 breast
tumors showed enrichment resembling that observed in
embryonic stem cells, including underexpression of PcG
target genes and overexpression of embryonic stem-cell–
expressed genes, MYC target genes, and some NANOG/
OCT4/SOX2 target genes (105). In colorectal cancer,
NANOG protein levels were increased compared with
normal adjacent mucosal tissue, and higher levels correlated
with a shorter overall survival (106). A signiﬁcantly greater
number of OCT4/SOX2-expressing cells were observed in
prostate tumors compared with normal and benign prostate
hyperplasia (107). Furthermore, increased numbers of
OCT4- and SOX2-expressing cells were associated with
more-aggressive tumors that have a worse prognosis
(107). Increased expression of pluripotency genes in rectal
cancer contributes to chemo/radiotherapy resistance, and
patients who relapsed had signiﬁcantly higher posttherapeutic levels of OCT4 and SOX2 compared with patients
without relapse (108).
Cohesin-Mediated Transcription of Pluripotency
and Proliferation Genes
Maintenance of the pluripotency of embryonic stem cells
depends on the correct regulation of a network of transcription factors, PcG repressor complexes, and microRNAs that
are responsible for the transcriptional and epigenetic regulation of key stem-cell genes (102). Genome-wide binding
analyses suggest that OCT4, SOX2, and NANOG contribute to pluripotency and self-renewal by activating their own
transcription and that of other genes that are important
during early development. OCT4, SOX2, and NANOG
activate genes encoding components of the TGF-b and
WNT signaling pathways, and they repress genes involved
in differentiation processes (109). Although the function of
these early pluripotency factors is relatively well understood,
the upstream pathways that regulate their transcription
remain enigmatic. Evidence that cohesin binds and positively regulates the expression of Oct4, Nanog, and Sox2 in
embryonic stem cells from human and mouse (91, 110) and
Myc in ﬁsh, ﬂies, and mammals (111) suggests that cohesin is
an upstream regulator of pluripotency factors.
A short hairpin RNA (shRNA) screen for pluripotency
factors identiﬁed subunits of the Mediator and cohesin
complexes as proteins required to maintain the mouse
embryonic stem-cell state (91). The Mediator complex is
thought to bridge interactions between transcription factors
at enhancers and the transcription initiation apparatus at
core promoters (112). Reducing the levels of Mediator,
cohesin, and Nipbl had the same effect on the embryonic
stem-cell state as did loss of Oct4 itself, suggesting that they
are important for maintaining expression of the key pluripotency transcription factors. ChIP followed by high-
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throughput sequencing identiﬁed a CTCF-independent
subset of cohesin-binding sites that occupied the enhancer
and core promoter sites bound by Mediator. Although these
sites were associated with RNA polymerase II (RNAPII,
indicating transcription), the cohesin-CTCF–bound sites
were not.
The co-occupancy of Mediator, cohesin, and Nipbl at the
promoter regions of Oct4 and other active embryonic stemcell genes indicates that these proteins may all contribute to
the control of their transcription. Approximately one quarter
of the genes co-occupied by Mediator, cohesin, Nipbl, and
RNAPII showed signiﬁcant gene expression changes when
Mediator, cohesin, and Nipbl were each knocked down,
suggesting that these actively transcribed genes depend on
each of those factors for normal expression (91). This normal
expression is likely to occur through looping between
enhancers and the core promoters of the active genes, given
that chromosome conformation capture identiﬁed physical
contact between enhancers and the promoters of Nanog,
Phc1, Oct4, and Lefty1 in embryonic stem cells (91). These
interactions were not detected in differentiated ﬁbroblasts in
which these genes are silent. Depletion of cohesin or Nipbl
abolished enhancer–promoter interactions and decreased
Oct4 and Nanog expression (91).
A further recent study in human embryonic stem cells
identiﬁed CTCF-independent RAD21-binding sites that
coincided with binding of the transcription factors OCT4,
NANOG, SOX2, KLF4, and ESRRB (110). Analysis of
global gene expression changes following the knockdown of
RAD21 in embryonic stem cells revealed the downregulation
of stem-cell maintenance genes, including Oct4, Nanog,
Tbx3, Essrb, and Klf4, and the upregulation of a large number
of developmental genes. Changes in gene expression were
similar to those reported following depletion of pluripotency
transcription factors, in particular NANOG-depleted cells.
Of interest, many CTCF-independent RAD21-binding sites
were not present in differentiated embryoid bodies, indicating that the colocalization of RAD21 with pluripotency
transcription factors is speciﬁc for embryonic stem cells.
Studies in zebraﬁsh were among the ﬁrst to reveal a role for
cohesin in the transcriptional regulation of Myc. Depletion
of Rad21 and Smc3 in zebraﬁsh resulted in a reduction in
myca (zebraﬁsh Myc) transcription in early embryos (111).
This regulation is likely direct, because cohesin (Rad21)
binds at the transcriptional start site and the Myc insulator
element (MINE) just upstream of myca. Positive regulation
of Myc by cohesin is also apparent in Drosophila, mouse (71),
and human (101), suggesting this regulation is conserved
through evolution. While the exact mechanism by which
cohesin regulates Myc remains elusive, studies in zebraﬁsh
rule out involvement of the CTCF insulator protein (111).
Depletion of Ctcf in zebraﬁsh embryos had no effect on myca
expression, and Rad21 was still able to bind the transcriptional start site and Myc insulator element of myca in the
absence of Ctcf. In fact, there was a statistically signiﬁcant
increase in Rad21 binding at the Myc insulator element in
Ctcf-depleted embryos (111). It is possible that cohesin
regulates myca expression by modulating local chromatin
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structure. In Rad21-depleted zebraﬁsh embryos, elevated
H3K27me3 and reduced H3K9Ac (histone H3 lysine 9
acetylation) were present at the myca locus, with a predominant peak around the transcriptional start site. Reduction of
the H3K9Ac modiﬁcation indicates a less open chromatin
status, as does an increase in H3K27Me3, reﬂecting repression of myca gene expression. The latter modiﬁcation is
mediated by PcG activity, which could involve cohesin
function (discussed above).
Stem-cell factors appear to modulate cohesin binding to
feed back on their own regulation and to modulate transcriptional control of other developmental genes by cohesin.
Some stem-cell transcription factors inﬂuence cohesin binding to gene targets. In embryonic stem cells, NANOG
facilitates the placement of cohesin at CTCF-independent
transcription factor binding sites through an interaction with
the core cohesin protein STAG1 and the cohesin-associated
protein WAPL (110). At the mammalian HoxA locus, the
Oct4 protein antagonizes cohesin binding to a CTCFbound chromatin barrier, which regulates chromatin looping of the HoxA gene (87).
Cancers that exhibit high levels of cohesin and/or pluripotency factors share similar genetic proﬁles and prognostic
outcomes. Because cohesin modulates the transcription of
key pluripotency factors, there is a strong possibility that
cohesin-mediated gene transcription underlies certain types
of cancer upstream of pluripotency factors. Cohesin could
participate in reprogramming cells to have stem-cell–like
characteristics, conferring a selective advantage, including
self-renewal, to the tumor. Furthermore, because cohesin
also regulates genes involved in cell fate determination [e.g.,
Runx1 and Runx3 (64)], it is tempting to view cohesin as a
gatekeeper of cell fate, maintaining the balance between
stem- and differentiated-cell populations through its gene
regulation role (Fig. 2).
Role of Cohesin in Hormone-Mediated Gene
Regulation
Hormones induce dramatic and dynamic alterations in
gene transcription. A small proportion of the transcriptional
response to hormones is direct, via hormone receptors (HR)
binding to promoters to activate transcription (113). However, a more signiﬁcant component of hormone-dependent
transcriptional response is accounted for by chromatin
rearrangements and epigenetic modiﬁcations. A growing
body of evidence suggests that cohesin modulates the regulation of genes by nuclear HRs and that this role is
conserved through evolution (Table 4).
The ﬁrst example of cohesin's role in hormone response
was observed in Drosophila, where cohesin was found to be
necessary for EcR-dependent axon pruning (74, 75). Cohesin's role in the response to ecdysone involves regulating
transcription of the EcR gene (74–76) and directly regulating ecdysone-responsive gene transcription (76, 77).
Remarkably, in humans, cohesin also appears to play an
important role in the transcriptional response to androgen
and estrogen (88, 114–116).
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Oct4
Nanog
Sox2
c-Myc

Runx1
Runx3
β-globin

Figure 2. Cohesin as a gatekeeper of cell fate. A, during normal
development, cohesin regulates the transcription of critical genes
involved in pluripotency (e.g., Oct4, Nanog, Sox2, and c-Myc) and
differentiation (e.g., Runx1, Runx3, and b-globin), thereby maintaining the
balance between stem-cell and differentiated-cell populations. B,
increased levels of cohesin may contribute to cancer by directly
regulating the transcription of pluripotency genes, subsequently
reprogramming cells to have stem-cell–like characteristics that maintain
tumor growth. Conversely, reduced cohesin levels cause developmental
disorders, including CdLS, the pathology of which is due to altered
expression of a number of developmental genes.

PDS5 is a HEAT-repeat–containing protein that is
required for sister chromatid cohesion and that regulates
the removal of cohesin from chromatin. Vertebrates possess
2 homologs of PDS5: PDS5A and PDS5B (Table 1).
PDS5A/B-deﬁcient mice exhibit CdLS-like developmental
defects, including genital defects, without alterations in sister
chromatin cohesion (70, 117). Of interest, PDS5B has been
identiﬁed as an androgen-proliferation shutoff gene in prostate cancer cells, because it is essential for androgen-dependent growth inhibition both in vitro (115) and in vivo (116).
In cells of the prostate, androgens initially increase proliferation but then induce quiescence. Regulation of gene
transcription by androgens occurs through several epigenetic
mechanisms, including histone modiﬁcation, nucleosome
remodeling, and chromatin looping (reviewed in ref. 118). It
has been suggested that PDS5B regulates the androgen
response through a chromatin modiﬁcation role (116).
Growth-inhibitory levels of androgens induce transcription
of PDS5B, and PDS5B is also induced by the active
metabolite of vitamin D, 1,25(OH)2D3, another inhibitor
of prostate cancer cell growth (114).
Estrogen-bound ER modulates genes that are required for
reentry into the cell cycle, driving proliferation (119). In
estrogen-dependent breast cancer cells, ligand-bound ER is
recruited to thousands of speciﬁc sites throughout the
genome (113, 120–122). Most ER-binding sites are celltype speciﬁc and correlate with estrogen-regulated gene
expression (120). Recently, a genome-wide binding study
revealed tissue-speciﬁc, inducible cohesin binding in breast
cancer cells in response to estrogen (88). This study showed
that genes regulated by estrogen exhibit enriched binding of
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Table 4. Role of cohesin in steroid hormone response pathways
Organism

Steroid
hormone

Evidence of role for cohesin

Reference

Drosophila

Ecdysone

Cohesin is necessary for EcR-dependent axon pruning in the
mushroom body.
Ecdysone-responsive genes have high levels of cohesin binding.
Cohesin regulates EcR at the transcriptional level.
Cleavage of cohesin affects expression of ecdysone-dependent
genes. Changes in ecdysone-responsive genes occur before
EcR levels can be affected, indicating that cohesin's role in
ecdysone gene response is more than solely regulating EcR levels.
Cohesin is required for estrogen-mediated reentry into the cell cycle
(G0/G1–S-phase transition).
Global analysis of cohesin binding to chromatin shows that cohesin
colocalizes with the ER at many sites throughout the genome.
In ER-positive MCF7 breast cancer cells, cohesin binding is positively
correlated with estrogen-regulated genes.
Genome-wide analysis of chromatin interactions throughout the genome
identiﬁed ER-anchored chromatin loops in estrogen-responsive genes.
Cohesin binding is enriched at sites involved in ER-mediated chromatin
interactions, suggesting that cohesin may stabilize these loops.
An extensive shRNA screen revealed that downregulation of individual
subunits of cohesin increased survival of MCF-7 breast cancer cells
exposed to tamoxifen over an extended period.
Clones of ER-positive ZR-751 breast cancer cells expressing ectopic
RAD21 exhibit reduced sensitivity to the antiestrogen ICI 182780 or
to tamoxifen in an agar growth assay.
MCF7 cells with acquired resistance to tamoxifen have 1.6-fold higher
expression of RAD21 and 3-fold lower expression of PDS5B than
tamoxifen-sensitive cells.
PDS5b is required for androgen-mediated proliferative arrest in G0/G1.
AR mediates looping of androgen-regulated genes.
PDS5b is induced by levels of androgens that inhibit cell growth.
Rad21 levels are higher and PDS5b levels are lower in
androgen-independent vs. androgen-dependent prostate
cancer cell lines.

74

Human

Estrogen

Androgen

cohesin together with ER. Although the functional signiﬁcance of cohesin binding is not known, it has been shown
that cohesin depletion prevents the estrogen-responsive
G0/G1–S transition in breast cancer cells, indicating that
cohesin inﬂuences the physiological estrogen response (88).
A cell's transcriptional response to hormone signaling is
complex. Entire cohorts of genes are turned on or off at
different times poststimulation, both directly via canonical
mechanisms of gene activation and less directly by altering
the chromatin milieu. How does cohesin inﬂuence gene
regulation by hormones? We suggest 3 possible ways in
which cohesin could modulate hormone-mediated gene
transcription:
*
*

14

Altering the levels or binding of HRs.
Stabilizing chromatin interactions required for gene
activation/repression.
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*

76, 77
75–77
75

88
88
88
89
88, 89
136

139

138

116
123, 125
114
160

Modulating histone modiﬁcations in response to
hormones.

It is possible that any one of these 3 options, or a combination thereof, could be in play at any one time (Fig. 3).
Below, we discuss each possibility.
Does cohesin alter levels or binding of nuclear HRs?
Rather than modulating the transcriptional activity of
HRs, cohesin could act farther upstream by inﬂuencing HR
levels. In support of this idea, it was shown that cohesin
directly regulates EcR transcription in Drosophila salivary
glands (75, 76). However, ablation of cohesin function
affects the transcription of some ecdysone-regulated genes
hours before EcR levels are reduced, as shown by chromosome puffs associated with ecdysone-regulated genes (76).
Therefore, although cohesin appears to directly regulate
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Figure 3. Modulation of hormone-mediated gene regulation by cohesin. Evidence suggests that cohesin is involved in several layers of hormone-mediated
gene regulation. A, levels and binding of HRs. There is direct evidence that cohesin can modulate the level of EcR in Drosophila (76); however, this does not
appear to be the case for other HRs. Cohesin cobinds with HR at HR elements of hormone-responsive genes (76, 77, 88). B, hormone-induced chromatin
looping. HR elements are often located several kilobases from the promoter of hormone-responsive genes. (i) Activating loops that bring HR-bound HR
elements into contact with PolII bound at the promoter of hormone-responsive genes have been shown in breast and prostate cancer cells (89, 123, 125).
Cohesin binding is enriched at these sites of HR-anchored chromatin interaction in breast cancer cells (88). (ii) Transient repressive chromatin loops form in
normal breast cells in response to estrogen; however, these loops are stabilized in breast cancer cells, resulting in long-range epigenetic silencing (126).
Cohesin may contribute to stabilization of these loops. C, hormone-induced epigenetic modiﬁcations. HRs and cohesin have been shown to both recruit and
have their activity modulated by histone-modifying complexes that contribute to (i) activation or (ii) repression of hormone-responsive genes.

EcR transcription, this does not account for all of the
ecdysone-regulated transcriptional response that also occurs
downstream of cohesin.
In contrast to EcR in Drosophila, there is little evidence to
suggest that cohesin regulates the levels of steroid HRs in
vertebrates. In human breast cancer cells, depletion of
RAD21 blocked estrogen-mediated reentry into the cell cycle
without altering ER protein levels (88). Furthermore, microarray analysis of zebraﬁsh depleted for Nipbl and a variety of
cohesin subunits showed no alteration in the transcript levels
of ERs (ref. 111; M. M€onnich and J. Horsﬁeld, unpublished
results). These results argue against the idea that cohesin
contributes to steroid hormone response by modulating
transcription of HRs, at least in vertebrates. It is not known
whether receptor stability is inﬂuenced by cohesin.
Cohesin may affect the ability of HRs to bind to chromatin or affect where HRs bind by modulating histone
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marks or even direct interactions with the receptors; however, there is no experimental evidence for this as yet.
Cohesin mediates chromatin interactions in response to
nuclear HR binding
HR-binding sites can be located at some distance from
the promoter of hormone-regulated genes (113, 118). For
example, loops that bridge a distal androgen receptor (AR)
site to the proximal promoter have been identiﬁed by
chromosome conformation capture in several androgenresponsive genes, including prostate-speciﬁc antigen
(123), FKBP5 (124), and TMPRSS2 (125). Fullwood
and colleagues (89) identiﬁed loops anchored by ER in
human breast cancer cells using a genome-wide technique
to analyze chromatin interactions (chromatin interaction
analysis–paired end tag, ChIA-PET). These chromatin
interactions are enriched in estrogen-responsive genes,
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suggesting that the loops play a functional role in gene
regulation.
The looping of regulatory elements to promoters of
hormone-responsive genes suggests that cohesin, which
has a function in the formation of chromatin loop structures, could contribute to a hormone response by this
mechanism. In support of this idea, it was shown that
cohesin colocalizes with ER at many sites in ER-positive
breast cancer cells (88). Several of these sites have been
shown to act as intrachromosomal loop anchors, suggesting that cohesin may play a role in stabilizing these loops
(88, 89). It is possible that cohesin also stabilizes ARmediated chromatin interactions; however, there is no
evidence for this as yet.
Although cohesin may activate transcription of hormoneresponsive genes by mediating enhancer–promoter communication, some cohesin-mediated interactions may also be
repressive. Normal breast epithelial cells exhibit transient
repressive DNA looping in response to estrogen. In breast
cancer cells, the repressive loops are stabilized, resulting in
long-range epigenetic silencing (126). RAD21 mRNA levels
are elevated in breast cancers relative to normal breast tissue
(Table 2), raising the possibility that cohesin may also
stabilize repressive loops and/or interactions that activate
genes in response to estrogens.
Cohesin may modify chromatin in response to steroid
hormones
Estrogen-responsive gene transcription results in 3
cycles of transcription (1 unproductive cycle followed by
2 productive cycles of transcription within 180 minutes)
characterized by waves of chromatin modiﬁcation and
transcription-factor binding (reviewed in ref. 127). In
each cycle, binding of ligand-bound ER is immediately
followed by recruitment of the SWI-SNF chromatin
remodeling complex and subsequently histone methyltransferase and histone acetyltransferases, leading to an
open chromatin conformation that facilitates gene transcription (127). Of signiﬁcance, ER functionally interacts
with chromatin-modifying enzymes. For example, ER
copuriﬁes with the histone demethylase JMJD2B, the
depletion of which inhibits estrogen-induced entry into
the cell cycle (128). ER also interacts with the PHDbromodomain chromatin reader TRIM24 to activate
estrogen-responsive genes (129). AR also recruits histone
acetyltransferases and HDAC to androgen-regulated
genes, and these enzymes modify not only the chromatin
conformation but also AR itself (reviewed in ref. 130). AR
is coactivated by TIP60, a histone acetyltransferase,
whereas HDAC1 directly interacts with and represses AR
activity (131). In addition, AR interacts with several
histone demethylases (132).
The cohesin subunit RAD21 was identiﬁed in an siRNA
screen to identify epigenetic silencing factors in human cells,
alongside known epigenetic factors such as DNMT3a,
HDAC1, and TRIM24 (133). As described above, experiments in Drosophila have shown that cohesin inﬂuences the
activity of chromatin modiﬁers; for example, the Drosophila
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verthandi (rad21) mutation genetically behaves like a TrxG
member (92), and cohesin physically interacts with PcG
proteins (94). TrxG and PcG proteins have a diverse range
of roles in transcriptional activation and repression, including
regulation of histone methylation and ATP-dependent nucleosome remodeling complexes (reviewed in ref. 134). In
humans, cohesin was shown to be part of an ISWI-containing
chromatin remodeling complex; indeed, the RAD21 subunit
directly interacts with the ATPase subunit SNF2h of this
complex (135). Thus, cohesin interacts with TrxG, PcG, and
chromatin remodeling complexes, and it likely modulates
their function. This raises the possibility that the chromatin
remodeling complexes recruited by ER and AR also interact
with cohesin, with functional consequences for hormonedependent cancers.
Of signiﬁcance, cohesin also appears to inﬂuence the
function of selective ER modulators and estrogen antagonists. In a recent study, whole-genome shRNA screening was
used to identify genes that confer resistance or sensitivity to
the selective ER modulator tamoxifen in the invasive ductal
breast cancer cell line MCF7 (136). Silencing of several
individual components of cohesin (NIPBL, SMC3, and
RAD21) led to reduced sensitivity to tamoxifen in MCF7
cells (136). This is in contrast to the observation by Van
Agthoven and colleagues (137) that increased expression of
the cohesin subunit Rad21 resulted in resistance to tamoxifen or the antiestrogen compound ICI 182780 in a semisolid growth assay. The authors transduced ZR-75-1 ductal
breast cancer cells with cDNA expression libraries from
which they identiﬁed clones with increased resistance to
various antiestrogens. The screen identiﬁed 15 genes,
including RAD21, that when overexpressed led to antiestrogen resistance. A study that compared the gene expression
proﬁles of MCF7 cells with acquired resistance to tamoxifen
showed a signiﬁcant increase in RAD21 expression (and a 3fold decrease in PDS5B expression) in tamoxifen-resistant
versus tamoxifen-sensitive cells (138). These studies are
consistent with the idea that increased cohesin activity leads
to resistance to selective ER modulators. How cohesin levels
affect the response of ER-positive breast cancer cells to
selective ER modulators is not yet clear. The evidence to
date suggests that under- or overexpression of cohesin could
result in a dysregulated transcriptional response to estrogen
(88, 136, 137, 139). How cohesin levels affect ER binding,
transactivation, and interaction with antiestrogens remains
to be determined.
The MYC proto-oncogene is estrogen responsive (140)
and regulates more than half of the genes in the estrogen
proliferation pathway (141). Elevated levels of MYC can lead
to endocrine resistance in breast tumors (142–144). ERbinding sites are found at the MYC promoter and at
enhancers both upstream and downstream of the MYC
locus (88, 89). Cohesin binds at the MYC gene and at
several putative enhancers in an estrogen-dependent manner
(88). Some enhancers are >300 kb away from the MYC gene,
yet they interact long-range with the MYC promoters (145–
147). Single-nucleotide polymorphisms associated with
breast, colon, and prostate cancer reside within these
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enhancers, and in at least one case, the single-nucleotide
polymorphism genotype inﬂuenced MYC transcription
(146). Binding of cohesin to distant enhancers for MYC
raises the tantalizing possibility that cohesin participates in
their long-range interaction with the MYC gene. However,
evidence that cohesin is involved in these long-range interactions has not yet emerged.
Given the positive regulation of stem-cell and proliferation
genes by cohesin, it may be possible that elevated cohesin
levels can bypass the hormone dependency of tumors. Hormone-independent, ER-negative breast cancer cells are able to
proliferate in the absence of a mitogenic estrogen signal. A
recent meta-analysis and gene-set enrichment analysis
revealed that the basal subgroup of ER-negative breast cancer
mimics the ER-positive transcriptional response to estrogen,
with increased levels of MYC (148). As discussed above, we
have shown an evolutionarily conserved role for cohesin in the
direct, positive regulation of MYC expression (111). Of
signiﬁcance, we found that cohesin is necessary for MYC
expression in several human cancer cell lines, as well as for
estrogen induction of MYC in ER-positive breast cancer cell
lines (McEwan and Horsﬁeld, unpublished data). It is tempting to speculate that elevated cohesin facilitates MYC transcription, which could lead to bypass of hormone dependency. It is not clear whether distant enhancers for MYC are
involved in its cohesin-dependent regulation. However,
because the location of Myc relative to its regulatory elements
differs vastly between zebraﬁsh and human (Rhodes and
Horsﬁeld, unpublished observations), we suspect that alternative, as yet unknown, mechanisms are also involved.
Cohesin: A New Therapeutic Target in Cancer?
Evidence suggests that a disruption of normal cohesin
function could have positive outcomes for cancer. It is
known that chemotherapy responses are compromised in
patients whose tumors overexpress RAD21 (97). Knocking
down RAD21 expression in MCF-7 breast cancer cells
sensitized the cells to chemotherapeutic agents, including
etoposide and bleomycin (149). Silencing of RAD21 in a
basal-like breast cancer cell line, MDA-MB-231, rendered
the cells more sensitive to the chemotherapy drugs cyclophosphamide and 5-ﬂuorouracil in a manner that directly
correlated with the level of RAD21 expression (97). In breast
cancer patients not treated with chemotherapy, no correlation was found between RAD21 expression and overall
survival, whereas in patients treated with chemotherapy, a
signiﬁcantly shorter overall survival was observed in patients
whose tumors were RAD21-positive (97). Mice heterozygous for a null mutation in Rad21 are more sensitive to

ionizing radiation (150), raising the possibility that chemicals targeting cohesin could be effectively used in combination with radiotherapy in patients. These studies suggest that
elevated cohesin is associated with resistance to therapeutics
and that targeting cohesin as part of a combination therapy
may produce better patient outcomes.
How might cohesin be targeted? Like many other
proteins, cohesin subunits are posttranslationally modiﬁed at different stages of the cell cycle, with a range of
functional consequences. For example, forward/reverse
phosphorylation and acetylation events regulate cell cycle
stage–speciﬁc binding of cohesin to chromatin (Fig. 1).
Designing drugs to interfere with enzymes that mediate
cohesin modiﬁcations could pave the way to new combination therapies and overcome problems with tumors
that are refractory to current therapies. For example,
deacetylation of SMC3 by a class I HDAC is required
for cohesin recycling onto chromosomes after cell division
(42–44). Clinically available HDAC inhibitors slow the
growth of breast tumors and reverse hormone therapy
resistance in ER-positive breast cancers (151, 152). It is
not yet known whether this class of compounds affects
cohesin function.
In conclusion, genetic alterations that lead to an imbalance
of cohesin levels may result in cancer through mechanisms
other than aneuploidy and genome instability. Regulation of
gene expression by cohesin, through mechanisms that affect
chromatin structure and three-dimensional organization,
may play a signiﬁcant role in tumorigenesis. In support of
this concept, multiple lines of evidence show that cohesin
maintains the expression of pluripotency and cell proliferation factors and that it modulates hormone-dependent gene
transcription in cancer cells.
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